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Foreword 


GaN  and  related  materials  are  novel  materials  that  have  essentially  become  “universal” 
semiconductors  due  to  their  usefulness  in  a  broad  range  of  device  applications.  With  the 
new  results  on  InN  bandgap  pointing  to  a  value  of  0.8  eV,  it  means  that  engineered 
AlInGaN  materials  may  be  capable  of  optical  emission/detection  from  deep  UV  to 
infrared  wavelengths.  From  high  power  HFETs  to  laser  diodes  and  light  emitting  diodes, 
GaN  materials  will  be  ubiquitous  in  the  future!  Therefore,  process  development  for  these 
classes  of  devices  is  very  important.  The  research  reported  here  has  dealt  primarily  with 
process  development  and  has  built  on  the  activities  that  have  been  carried  out  in  the 
Principal  Investigator’s  Laboratory  since  1988. 

The  PI  wishes  to  acknowledge  the  support  of  DARPA  in  this  research  and  the  support  of 
the  Program  managers  and  Monitors  during  the  execution  of  the  work  herein  reported. 
Thanks  are  due  Dr.  Robert  Leheny,  Dr.  Edgar  Martinez,  Dr.  Nadia  El  Masry,  and  Dr. 
William  Clark. 
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3.  Statement  of  the  Problem  Studied 


Many  obstacles  have  traditionally  prevented  the  realization  of  high  performance  devices 
in  AlxGai.xN  materials.  These  impediments  include  low  material  quality,  lack  of  low- 
damage  etching  methods,  lack  of  high  temperature  Schottky  and  ohmic  metallizations,  p- 
type  ohmic  metallizations  with  low  contact  resistance,  and  the  need  for  effective 
passivation  materials.  Over  the  last  decade,  concentrated  efforts  have  enabled  significant 
improvements  in  the  quality  of  GaN  epitaxial  materials  and  techniques  such  as  lateral 
epitaxial  growth  have  made  possible  reliable  optical  devices.  Commensurate  efforts  are 
required  to  develop  viable  processing  technologies  for  devices  in  GaN  materials.  The 
physical  and  chemical  properties  of  GaN  materials  are  sufficiently  different  from  those  of 
other  conventional  III-V  semiconductors  such  that  the  processing  techniques  needed  for 
both  sets  of  materials  are  equally  different.  Indeed,  it  is  difficult  to  adapt  the 
methodologies  developed  for  III-V  processing  in  a  wholesale  fashion  for  GaN  device 
realization.  It  is  imperative  to  develop  optimum  processing  technologies  for  GaN 
materials.  Therefore,  our  work  under  the  DARPA  grant  involved  the  development  of 
processing  techniques  for  GaN  and  related  materials. 

Specifically,  we  have  studied: 

i)  low-damage  dry  etching  of  AlxGai.xN  using  induetively-coupled-plasma  reactive 
ion  etching  (ICP-RIE), 

ii)  wet  etching  of  n-GaN  using  photoelectrochemical  (PEC)  etching, 

iii)  high  temperature,  high  Schottky  barrier-height  metallizations, 

iv)  ohmic  contact  metallization  with  low  resistance  on  n-type  and  p-type  AlxGai_xN. 

3.A  Low-damage  Dry  Etching  of  AlxGai.xN 

Inductively-coupled-plasma  reactive  ion  etching  (ICP-RIE)  is  a  high  density  plasma 
technique  carried  out  in  a  reactor  such  as  illustrated  in  Fig.  1.  The  plasma  is  inductively 
generated  via  coils  that  are  excited  at  2  MHz.  This  method  of  coupling  results  in  a  higher 
efficiency  of  plasma  generation  and  it  also  means  that  plasma  can  be  generated  and 
sustained  in  a  higher  vacuum  environment  than  possible  for  conventional  RIE  tools.  The 
independent  biasing  of  the  sample  with  a  13.56  MHz  generator  provides  for  the  control  of 
the  energy  at  which  ions  bombard  the  sample.  The  directionality  of  low  energy  ions  is 
preserved  due  to  higher  vacuum  environment.  This  means  that  anisotropy  can  be 
achieved  for  etch  profiles  at  lower  ion  energies. 

In  our  work,  we  have  obtained  high  etch  rates  as  shown  in  Fig.  2  (a)  which  displays  etch 
rates  as  a  function  of  bias  voltage  for  AlxGaj.xN  with  various  x  values.  The  high  etch- 
rates  produced  by  the  ICP-RIE  method  are  due  to  the  higher  plasma  density  available. 
The  etch  yields  in  the  high-density  plasma  tools  are  the  same  as  those  in  conventional 
RIE  system,  but  the  much  larger  ion  fluxes  in  the  former  lead  to  higher  etch  rates.  The 
etch  rates  are  cast  in  Fig  2  (b)  as  a  function  of  x  in  AlxGai_xN.  It  is  seen  that  etch  rates 
decrease  as  a  function  of  x.  The  decrease  is  due  to  the  increasing  bond  energy  as  x 
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Fig.  1  Schematic  diagram  of  an  inductively-coupled-plasma  reactive  ion  etching 
system. 


increases.  More  ion  energy  is  needed  to  break  the  bonds  as  x  increases  and  this 
dependence  on  x  differs  from  the  etching  of  such  compounds  as  AlxGai.xAs  where  equi- 
etch  rates  can  be  obtained  for  various  compositions  [1].  Figure  2  shows  etch  rate  of  n- 
GaN  as  a  function  of  ICP  coil  power  for  different  bias  voltages.  As  seen,  the  etch  rate 
was  found  to  be  dependent  on  both  the  ICP  coil  power  and  the  bias  voltage.  Both  these 
parameters  signify  that  the  etch  rate  depend  in  a  complex  fashion  on  density  of  the 
ionized  gaseous  species  and  the  ion  energy  in  the  chamber  [2],  Using  a  silicon 
dioxide/chrome  composite  mask,  etch  profiles  were  studied.  By  balancing  physical  and 
chemical  etching  mechanisms,  a  resulting  optimum  profile  obtained  for  an  etched 
GaN/InGaN/AlGaN  heterostructure  is  shown  in  Fig.  3  [1].  The  etched  sidewalls  were 
engineered  to  be  smooth  and  the  planar  etched  surface  was  also  smooth. 

Damage  is  a  critical  issue  on  etched  surfaces.  To  assure  that  the  composition  of  etched 
surfaces  is  stochiometric,  Auger  electron  microanalysis  was  performed  and  it  was  found 
that  after  etching  a  slight  native  oxide  clean  in  HC1/H20  was  necessary.  On  such  surfaces, 
we  fabricated  Schottky  diodes  to  probe  any  processing  induced-damage  electrically.  It 
was  found  that  the  key  parameter  responsible  for  damage  was  the  sample  bias  voltage. 
Figure  4  shows  the  dependence  of  various  parameters  -  Schottky  barrier  height,  reverse 
voltage,  forward  voltage,  and  ideality  factor  on  bias  voltage.  It  is  seen  that  these 
parameters  decrease  as  the  bias  voltage  increases  [2].  To  restore  the  parameters  to  the 
pre-etch  characteristics,  it  was  necessary  to  anneal  at  ~  700  °C  for  1  minute. 
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Etching  profile  of  GaN/InGaN/AlGaN  heterostructure  using  ICP-RIE. 
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Fig.  4  Variation  of  Schottky  barrier  height  (fo),  ideality  factor  (n),  reverse  breakdown 
voltage  (Vb)  and  forward  tum-on  voltage  (Vf)  of  Schottky  diode  on  GaN  as  a  function 
of  the  ICP-RIE  self-bias  voltage. 


3.B  Wet  Etching  of  n-GaN  using  photoelectrochemical  etching 

We  have  investigated  the  wet  etching  of  GaN  using  the  photoelectrochemical  (PEC) 
technique.  At  this  point,  etching  has  been  observed  to  occur  in  n-GaN  but  not  in  p-GaN. 
We  have  not  conducted  consistent  experiments  on  the  etching  of  n-AlGaN  due  to 
unavailability  of  high  quality  materials.  The  etching  of  n-GaN  was  conducted  in  a  simple 
electrochemical  cell  with  no  bias  applied  as  shown  in  Fig.  5.  The  GaN  samples  were 
illuminated  during  the  etching  by  a  350  W  Hg  lamp.  The  electrolyte  consisted  of  dilute 
aqueous  solutions  of  KOH  with  various  concentration  (pH)  values.  The  solutions  were 
magnetically  stirred.  Etching  was  obtained  only  when  optical  radiation  was  present  and  it 
was  monitored  during  etching  by  recording  the  current  flow  through  the  circuit.  Etch 
rates  were  measured  using  a  Tencor  Alphastep  system  and  etch  morphologies  were 
observed  in  a  scanning  electron  microscope.  Figure  6  shows  etch  rate  values  as  a  function 
of  pH  values  at  different  incident  optical  intensities.  The  limitation  in  etching  at  low  pH 
is  due  to  the  low  concentrations  of  etching  reactants  while  the  rate  limiting  mechanism  at 
high  pH  values  is  the  inadequate  removal  of  the  gallium  oxides  formed  as  the 
intermediate  step  in  the  etching  process. 


UV  illumination 


Fig.  5  Schematic  diagram  of  an  electrochemical  cell  used  for  photoelectrochemical 
etching  of  n-GaN  in  KOH. 
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Fig.  6  Summary  of  etch  rates  of  PEC  etching  of  GaN  as  a  function  of  pH  of  KOH 
electrolyte  solution  and  incident  UV  light  power  intensity. 


Surface  morphologies  observed  were  dependent  on  optical  intensity  and  pH  value.  Three 
significant  morphologies  observed  are  illustrated  in  Figure  7  which  ranged  from  a) 
smooth  etched  surface  obtained  at  pH  <  12,  b)  dislocation  decoration  at  pH  of  -  12.5  to 
13.0,  and  c)  large  hexagonal  pits  at  high  pH  values.  The  mechanisms  responsible  for  all 
these  myriads  of  surface  morphologies  are  still  not  completely  understood.  However,  the 
dislocation  decoration  of  Fig.  7  (b)  is  due  to  the  fact  that  the  “nanowhiskers”  observed 
have  at  their  cores  mixed  or  edge  threading  dislocations  [3],  This  is  demonstrated  in  the 
transmission  electron  micrograph  shown  in  Fig.  8.  The  diameter  of  individual  dislocation 
“whiskers”  is  less  than  50  nm,  a  plan  view  of  a  dislocation  in  a  scanning  electron 
microscope  will  be  a  spot  or  dot.  Therefore  an  aerial  image  over  a  large  area  results  in  the 
type  of  “star  map”  shown  Fig.  9.  The  counting  of  dots  in  a  fixed  area  of  the  map  yields 
the  dislocation  density  of  the  material.  Figure  9  shows  the  dislocation  map  of  a  high 
defect  density  MOCVD-grown  n-GaN  on  SiC.  The  sample  was  etched  in  0.004  M  KOH 
under  30  mW/em2  light  intensity  for  15  min.  The  dislocation  density  is  estimated  from 
the  figure  to  be  3.2  x  109  cm'2.  This  estimation  has  been  verified  using  TEM.  It  is  seen 
that  PEC  method  can  be  utilized  for  a  rapid  evaluation  of  dislocation  densities  in  n-GaN 
materials.  This  method  is  less  tedious  than  the  conventional  TEM  method  of  assessing 
dislocation  densities. 

Although,  we  have  demonstrated  the  fabrication  of  a  device  using  wet  etching  [4],  it  has 
in  general  been  difficult  to  utilize  PEC  etching  to  consistently  fabricate  devices.  The 
utility  of  PEC  etching  at  this  point  may  rest  on  its  efficacy  for  material  characterization. 
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Fig.  7  Surface  morphology  of  PEC  etched  GaN  under  obtained  by  varying  etch 
conditions  such  as  pH  of  KOH  solution  and  intensity  of  UV  illumination.  The  surface 
morphology  varied  from  a  smooth  surface  shown  in  Fig.  7(a)  and  dislocation 
decorated  surface  shown  in  Fig,  7(b)  to  large  hexagonal  etch  pits  shown  in  Fig.  7(c) 
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Fig.  8  Cross-sectional  TEM  image  of  a  nanowhisker  showed  the  presence  of  edge 
threading  and  mixed  dislocations  in  the  core  of  the  nanowhisker. 


Fig.  9  Dislocation  map  of  a  high  defect  density  MOCVD-grown  n-GaN  on  SiC.  The 
sample  was  etched  in  0.004  M  KOH  under  30  mW/cm2  light  intensity  for  15  min.  The 
dislocation  density  is  estimated  from  the  figure  to  he  3.2  x  109  cm'2. 
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3.C  Schottky  Barrier  Heights  of  various  metals  on  AlxGai_xN 

The  formation  of  Schottky  contacts  in  important  for  photodetectors,  and  in 
particular,  the  values  of  Schottky  barrier  heights  for  various  metals  on  AlxGai.xN  are  not 
really  well  known.  We  have  conducted  experiments  on  the  measurements  of  barrier 
heights  of  some  metals  on  AlxGa].xN  for  x  between  0  and  0.20.  The  AlxGai.xN  layers 
used  for  this  study  consisted  of  3  pm-thiek  undoped  AlxGai.xN  followed  by  1  pm  of  Si- 
doped  AlxGa1;XN.  Bulk  carrier  concentrations  of  the  doped  layers  were  determined  by 
current-capacitance  (C-V)  measurements  to  be  about  2.5  x  io17  cm'3.  The  GaN  layer 
used  had  a  similar  structure  with  a  nominal  bulk  carrier  concentration  of  1.4  x  ]  0* 7  cm'3. 
The  measured  device  structure  consisted  of  an  array  of  250  pm  diameter  Schottky  dots 
separated  25  pm  radially  from  the  Ti/Al-based  ohmic  contact.  Prior  to  transferring  the 
samples  into  the  metal  evaporation  chamber,  AlxGai_xN  surfaces  were  cleaned  with  an  O2 
plasma  asher,  followed  by  dips  in  dilute  HF:DI  solutions.  Thermal  or  electron  beam 
evaporation  was  used  to  deposit  the  various  metals  to  thicknesses  above  80  nm.  After 
fabrication,  Schottky  diode  characteristics  were  measured  using  current-voltage  (I-V)  C- 
V,  and  modified  Norde  (I -V-T)  techniques. 

A  summary  of  the  results  obtained  is  shown  in  Table  1 .  Results  for  Au,  Co,  Cu,  Ni,  Pd, 
Pt,  and  Re  are  shown.  The  I- V-T  labeled  as  the  modified  Norde  plot  yielded  barrier 
heights  that  are  more  consistent  with  the  I-V  method.  Barrier  heights  obtained  by  C-V 
measurements  were  too  high  for  higher  x  because  of  higher  series  resistances.  In  general, 
for  each  metal,  barrier  height  increases  with  increasing  x,  which  shows  that  the  Fermi 
level  is  not  pinned  as  obtains  in  GaAs.  The  C-V  measurements  were  conducted  at  1  MHz. 
Preliminary  work  has  been  done  on  multi-frequency  C-V  measurements.  The  results 
obtained  at  40  KHz  for  Re,  Ni,  and  Pt  are  tabulated  in  Table  2.  It  is  seen  that  the  barrier 
heights  obtained  at  40  KHz  are  more  in  agreement  with  the  other  methods.  More  work 
needs  to  be  done  on  these  metals  when  more  uniform  materials  are  available. 

Temperature  stability  of  some  metals  has  been  investigated.  The  metal  that  we  have 
obtained  extensive  results  on  is  Re  [5]  and  these  are  shown  in  Fig.  10.  It  is  observed  that 
Re  on  GaN  is  thermal  stable  up  to  800  °C  with  the  barrier  height  essentially  remaining 
the  same  or  increasing  slightly.  For  Al0.10Ga0.90N,  degradation  starts  occurring  at  600  °C, 
while  for  Alo.2eGao.74N,  the  barrier  height  starts  decreasing  at  500  °C.  It  means  that  Re 
can  be  utilized  on  materials  with  x  less  than  0,26  where  thermal  stability  up  to  500  °C  is 
desired.  Further  work  on  the  formation  of  contacts  on  materials  of  higher  x  values  is 
required  for  completeness. 

3.D  p-type  ohmic  contacts  on  AIxGai„xN 

There  are  several  challenges  in  obtaining  excellent  ohmic  contacts  on  p-AlxGai  XN 
materials.  The  low  solubility  of  Mg  in  AlxGaj.xN  and  the  large  acceptor  binding  energy 
militates  against  the  achievement  of  high  doping  density.  The  conventional  metallization 
for  p-GaN  metallization  is  Ni/Au,  however  it  is  very  difficult  to  obtain  contact  resistivity 
below  lxio  ohm-cm  .  The  push  is  to  obtain  superior  contact  resistivities  and  some 
techniques  that  we  have  explored  to  improve  the  resistivities  include:  surface  cleaning, 
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26.2 


Table  1  Summary  of  Sehottky  diode  characteristics  of  devices  fabricated  on  AlxGai.xN 
with  different  Sehottky  metal  contacts  such  as  Au,  Co,  Cu,  Ni,  Pd,  Pt  and  Re.  The 
diode  characteristics  were  obtained  from  I-V,  C-V  and  I-V-T  measurements. 
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Table  2  Summary  of  Schottky  diode  characteristics  of  devices  fabricated  on  AlxGai.xN 
with  different  Schottky  metal  contacts  such  as  Re,  Ni  and  Pt.  The  diode 
characteristics  were  obtained  from  I-V,  variable  frequency  C-V  and  I- V-T 
measurements. 
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Fig.  10  Thermal  stability  of  Re  Schottky  diodes  obtained  from  flat  band  barrier  height 
and  diode  ideality  factor  measurements  as  a  function  of  the  anneal  temperature. 
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use  of  oxygen  scavenging  metal  such  as  Ti  and  Pd,  and  the  use  of  p-AlGaN/GaN 
superlattice  layer  to  improve  p-type  sheet  hole  concentration. 

a.  Cleaning  of  GaN  and  AlGaN  Surfaces 

The  cleaning  of  GaN  and  AlGaN  surfaces  are  very  crucial  in  device  fabrication.  Issues  of 
residual  surface  contaminations  and  stoichiometries  are  important  in  ohmic  contact 
formation.  Therefore,  we  studied  the  surfaces  of  GaN  and  AlGaN  samples  cleaned  in 
three  commonly  used  wet  chemicals.  The  samples  were  dipped  in  NH4OH,  HC1,  and 
buffered  oxide  etch  (BOE)  and  then  rinsed  in  water  before  been  blown  dry.  The  surfaces 
were  probed  using  x-ray  photoelectron  spectroscopy  (XPS)  with  particular  attention  paid 
to  the  residual  oxides  on  the  surfaces.  On  the  GaN,  the  as-received  and  the  NH4OH- 
cleaned  samples  exhibited  surface  oxides  whereas  the  HC1-  and  BOE-eleaned  surfaces 
were  essentially  free  of  oxides  as  shown  in  Figs  1 1  (a)  and  (b).  For  AlGaN,  as-received 
and  NH4OH-cleaned  samples  exhibited  residual  oxides.  Although  HC1  cleaning  was  more 
effective  than  NH4OH,  there  was  still  some  residual  oxides  on  the  HCl-cleaned  samples. 
BOE  was  the  most  effective  cleaning  agent  for  the  AlGaN  removing  any  traces  of  oxides. 
Cleaning  with  BOE  also  seems  to  offer  some  passivation  to  GaN  and  AlGaN  surfaces  for 
many  hours  after  the  cleaning  had  been  completed.  The  BOE  cleaning  described  has  been 
utilized  in  the  preparation  of  p-GaN  ohmic  contacts. 

In  utilizing  it,  a  two-step  process  was  adopted  where  BOE  is  first  used  to  clean  the  GaN 
wafer  prior  to  resist  spinning  and  lithography  and  another  BOE  clean  was  performed  just 
prior  to  metallization.  This  method  has  proven  effective  in  yielding  better  performing 
Ni/Au  ohmic  contacts  on  p-GaN  than  HC1  clean  [6]. 

b.  Ti/Pt/Au  ohmic  contacts  on  p-type  GaN 

Titanium  is  known  to  be  effective  in  reducing  surface  contaminants  on  semiconductors 
and  to  that  effect  it  was  adopted  as  the  immediate  contact  layer  for  reducing  any  oxides 
on  the  surface  of  p-GaN  even  after  cleaning.  Platinum  is  a  high  work-function  material 
well  suited  for  ohmic  contact  formation  to  p-GaN.  Gold  is  utilized  as  a  cap  layer  to 
protect  underlying  metallization  during  annealing  and  to  enhance  conductivity.  Ti/Pt/Au 
was  studied  as  ohmic  metallization  on  p-type  GaN  [7],  The  GaN  used  was  grown  by 
MOCVD  on  sapphire  substrates.  The  GaN  was  0.3  pm  thick  and  it  was  grown  on  3  pm- 
thick  undoped  GaN.  The  activated  dopant  concentration  was  ~  2.5  x  1017  cm'3  and  the 
mobility  was  9  cm2/V.s.  The  surface  of  the  sample  was  cleaned  in  HC1/H20  prior  to 
metallization  with  15  nm  Ti/50  nm  Pt/80  nm  Au.  Post-deposition  heat  treatment  was 
carried  in  a  nitrogen  atmosphere  in  an  RTA  system.  Measurements  from  TLM  patterns 
were  made  and  the  I-V  characteristics  across  a  3  pm  gap  are  shown  in  Fig.  12  for  various 
annealing  temperatures.  It  is  seen  that  the  linearity  of  the  I-V  curves  improved  with 
higher  annealing  temperatures.  The  lowest  contact  resistivity  obtained  was  4.2  x  10‘5 
ohm-cm2  for  contacts  annealed  at  800  °C  for  2  min.  The  use  of  Ti  does  demonstrate  its 
efficacy  in  neutralizing  the  effects  of  contamination/oxide  layer  on  the  p-GaN  surface. 
The  major  obstacle  to  the  adoption  of  this  process  is  that  the  thickness  of  Ti  is  very 
important  and  may  need  to  be  adapted  to  various  layers  and  cleaning  procedure. 
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Fig.  1 1  X-ray  photoelectron  spectra  of  Ga  3d  and  Al  2p  level  in  GaN  and  Alo.2Gao.8N 
for  various  surface  treatment  mechanisms  to  reduce  the  native  surface  oxide 
concentration. 
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Fig.  12 1-V  characteristics  for  Ti/Pt/Au  contacts  on  p-GaN  with  a  3  pm  gap  spacing,  as 
a  function  of  the  anneal  temperature. 
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c)  Ti/Pt/Au  ohmic  contacts  on  p-type  GaN/AlxGai_xN  superlattices 

The  overall  hole  concentration  in  a  p-type  can  be  increased  through  the  generation  of 
valence  band  edge  oscillations  in  a  superlattice  as  proposed  Schubert  et  al.  [8].  The 
technique  improves  the  activation  efficiency  of  deep  acceptors.  This  method  has  enabled 
the  realization  of  enhanced  p-type  doping  efficiency  in  GaN/AlxGai_xN  superlattiees  [9], 
We  have  investigated  Ti/Pt/Au  ohmic  contacts  on  GaN/AlxGa,_xN  superlattiees.  The 
superlattice  layers  used  were  grown  by  MBE  on  sapphire  and  consisted  of  20  periods 
each  of  Mg-doped  GaN  (10  rnn)  and  AlxGa,.xN  (10  nm).  Samples  with  two  different  Al 
concentrations,  x=0.1  and  0.2,  were  investigated.  The  samples  exhibited  a  mobility  of  1 
cm  /V .s.  as  determined  by  room  temperature  hall  measurements.  TLM  patterns  were 
fabricated  on  the  samples  using  Ti/50  nm  Pt/80  nm  Au  metallization  and  the  I  V 
characteristics  were  measured  at  room  temperature.  Figure  13  shows  the  I-V 
characteristics  for  the  superlattiees  as  compared  with  a  reference  p-type  GaN  (p  =  2.5  x 
10  cm  and  p  =  9  cm2/V.s.)  also  investigated  at  room  temperature.  The  as-deposited 
contact  is  rectifying  on  the  reference  p-GaN.  In  contrast,  owing  to  the  enhanced  doping 
efficiencies,  the  I-V  curves  for  GaN/AlxGai.xN  superlattiees  exhibit  better  linearity.  The 
sample  with  the  higher  Al  content  (x  =  0.2)  was  more  ohmic  in  its  I-V  characteristics. 
This  is  consistent  with  a  high  carrier  concentration  expected  for  the  superlattice  with  x  = 
0.2  than  for  the  other  with  x  =  0.1.  The  ohmic  contact  resistivities  are  6.6  *  1 0A  and  4.6  x 
10  ohm-cm  for  x  =  0.1  and  x  =  0.2,  respectively.  Thermal  treatments  of  the  ohmic 
contacts  beyond  300  °C  resulted  in  degradation.  The  underlying  cause  of  the  degradation 
was  not  resolved.  The  major  issue  might  have  been  due  to  the  fact  that  the  superlattiees 
utilized  in  our  study  terminated  in  the  AlGaN  layer.  It  will  be  useful  to  study  layer  that 
are  terminated  with  doped  GaN. 


Fig.  13  I-V  characteristics  of  as-deposited  Ti/Pt/Au  contacts  on  p-GaN  and 
AlxGai-x/GaN  SL  with  x  ~  0.10  and  0.20. 
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3.E  n-type  ohmic  contacts  on  AIxGai.xN 

Ohmic  contact  formation  on  n-type  GaN  has  been  easier  than  what  obtains  for  p-type 
GaN.  This  is  due  to  the  fact  that  the  achievable  level  of  carrier  density  is  much  higher. 
However,  much  like  the  p-AlxGai.xN,  the  incorporation  and  ionization  of  Si  donors 
become  problematic  as  x  increases,  therefore  ohmic  contact  formation  at  high  x  values  is 
challenging.  The  requirements  for  excellent  ohmic  contacts  include  low  contact 
resistance,  smooth  surface  morphology,  excellent  thermal  stability,  and  good  edge  acuity. 
The  commonly  used  n-type  ohmic  metallization  is  Ti/Al/Ti/Au  where  A1  is  the  actual 
active  component  for  contact  formation  while  the  Ti  underlying  A1  is  for  adhesion  and  for 
reducing  the  surface  contaminants.  The  Ti/Au  overlayer  has  two  functions:  to  passivate 
the  A1  from  forming  aluminum  oxide  during  the  anneal  process  and  to  improve  the 
electrical  conductivity.  In  addition,  the  Ti  underneath  Au  should  ideally  serve  as  a 
diffusion  barrier.  However,  the  solubility  of  Au  in  Ti  is  very  high  such  that  the  high 
reactivity  of  Ti  and  Au  and  also  A1  and  Au  promote  lateral  diffusion  and  very  rough 
surface  morphology  for  Ti/Al/Ti/Au  ohmic  contacts  on  n-GaN.  Other  metallizations  that 
have  been  utilized  to  surmount  these  problems  are  Ti/Al/Ni/Au  and  Ti/Al/Pt/Au.  The 
solubility  of  Au  in  Ni  and  Pt  are  still  relatively  high,  therefore,  we  have  developed  a 
metallization  using  Mo  as  the  diffusion  barrier. 

We  illustrate  the  lateral  diffusion  observed  for  Ti/Al/Ti/Au  metallization  in  Fig.  14  where 
metal  has  creeped  into  the  gap  between  two  TLM  pads.  X-ray  analysis  (EDAX)  have 
been  performed  on  the  metallization  within  the  gap  and  Au,  Al,  and  Ti  have  been 
detected.  Figure  15  shows  a  corresponding  Ti/AI/Mo/Au  metallization  exhibiting 
excellent  edge  acuity.  X-ray  diffraction  (XRD)  spectra  for  both  Ti/Al/Ti/Au  and 
Ti/AI/Mo/Au  are  displayed  in  Fig.  16.  It  is  seen  that  an  array  of  AlAu  intermetallies  are 
formed  in  the  Ti/Al/Ti/Au  contacts  in  contrast  to  that  of  Ti/AI/Mo/Au  where  none  is 
found.  These  results  are  due  to  the  fact  that  Au  has  less  than  1  %  solubility  in  Mo,  and 
therefore,  Mo  acts  as  an  effective  diffusion  barrier  [10,  11].  We  have  investigated  ohmic 
contact  formation  as  a  function  of  Mo  thickness  as  shown  in  Fig.  17.  It  is  seen  that  Mo 
thickness  as  small  as  25  nm  is  sufficient  for  obtaining  excellent  ohmic  characteristics  and 
surface  smoothness.  Thermal  stability  at  500  °C  has  been  determined  for  Ti/AI/Mo/Au. 
The  contact  resistance  remained  essentially  constant  for  350  hours  at  500  °C  as  shown  in 
Fig.  18. 

Working  with  an  n-GaN  with  dopant  concentration  of  1  x  1018  cm'3  and  mobility  of  250 
cm  /V .s.,  we  have  achieved  ohmic  characteristics  with  specific  contact  resistivities  as  low 
as  4  x  10  ohm-cm2  for  Ti/AI/Mo/Au  metallization  [10],  To  obtain  excellent  ohmic 
contact  resistivity,  we  have  adopted  a  fabrication  procedure  that  includes  an  ion- 
bombardment  regimen  in  a  RIE  chamber  using  SiCl4  plasma.  A  self-bias  voltage  of-  300 
V  has  been  found  to  yield  the  best  ohmic  contact  results.  Extensive  Auger  electron 
analyses  have  been  carried  out  and  have  been  published  [10, 11]. 
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Fig,  14  Lateral  diffusion  of  Ti/Al/Ti/Au  ohmic  contacts  during  anneal 
process. 


Fig.  15  Ti/Al/Mo/Au  ohmic  metallization  exhibits  sharp  edge  definition  after 
annealing  the  contacts. 
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2  Theta 

Fig.  16  XRD  spectra  of  Ti/Al/Ti/Au  and  Ti/Al/Mo/Au  ohmic  metallization 
before  and  after  anneal  process.  There  is  no  evidence  of  Al2Au  phase  in 
annealed  Ti/Al/Mo/Au  ohmic  metallization  when  compared  to  Ti/Al/Ti/Au 
metallization  scheme. 
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Fig.  18  Long-term  thermal  stability  of  Ti/Al/Mo/Au  ohmic  contacts  on  n- 
GaN. 
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For  AlxGai_xN  with  higher  x  values,  ohmic  contacts  are  difficult  to  achieve.  However, 
using  Ti/Al/Mo/Au  metallization,  we  have  demonstrated  excellent  ohmic  contact 
resistance  for  Alo.59Gao.41N  [12].  The  n-type  Alo.59Gao.41N  was  grown  by  MOCVD  on 
sapphire.  The  0.25  pm-thick  AlGaN  was  grown  on  top  of  a  1  pm-thick  undoped  GaN. 
The  AlGaN  had  a  carrier  concentration  of  ~  3  x  1017  cm'3.  Figure  19  shows  the  linear 
characteristics  obtained  after  an  anneal  at  850°  C  for  30  s.  The  Alo.59Gao.41N  surface  was 
treated  with  plasma  processing  prior  to  metallization  and  the  ohmic  contact  resistance  as 
a  function  of  the  ion  voltage  is  shown  in  Fig.  20.  These  were  the  first  results  obtained  for 
ohmic  contacts  on  high  AlGaN  materials  and  it  remains  the  best  to  date.  Further 
investigations  on  ohmic  contacts  on  these  types  of  materials  are  still  needed  to  optimize 
the  fabrication  procedure. 


4.  Summary  of  the  most  important  results 

•  Photoelectrochemical  etching  of  n-GaN:  useful  for  material  characterization.  This 
has  been  validated  by  the  rising  number  of  publications  that  have  followed  since 
our  results  have  been  disseminated. 

•  Anisotropic  etching  of  AlxGai_xN  materials  and  heterostructures:  Extensive 
characterization  of  inductively-coupled-plasma  reactive  ion  etching  (ICP-RIE)  of 
AlxGa,_xN.  Achieved  high  etch  rates  and  profile  control  but  could  not  achieve  any 
measure  of  selectivity  due  to  high  bond  energies  of  these  materials. 

•  Low-resistance  ohmic  contacts  for  p-GaN:  demonstrated  that  surface  issues  are 
critical  to  ohmic  contact  formation.  Achieved  ohmic  contacts  with  low  contact 
resistance  on  p-GaN.  The  contact  resistance,  rc=4.2  x  10-5  ohm-cm2  achieved  for 
Ti/Pt/Au  on  p-GaN  is  the  lowest  achieved  for  processes  compatible  for  device 
fabrication. 

•  Low-resistance  ohmic  contacts  to  p- AlGaN:  Achieved  ohmic  contacts  on  p- 
AlxGal-xN/GaN  superlattices.  Contact  resistivities  of  ~  4  x  lCf4  ohm-cm2  were 
obtained  for  as-deposited  Ti/Pt/Au  on  Al0  20Gao  g0N/GaN. 

•  Schottky  barrier  contacts  on  n- AlGaN:  Extensive  characterization  of  barrier 
heights  on  n-  AlxGai.xN  materials.  Barrier  heights  of  various  metals  (Au,  Pd,  Pt, 
Co,  Ni,  Re,  and  Cu)  were  measured.  With  higher  x  values,  variable  frequency  C- 
V  technique  along  with  I-V-T  methods  need  to  be  adopted  for  accurate 
measurements.  Thermal  stability  of  refractory  Re  metal  was  determined  with  the 
metal  maintaining  stability  up  to  800  °C  on  n-GaN. 

•  Low-resistance  ohmic  contacts  on  n-GaN  with  high  thermal  stability  and  good 
edge  acuity:  Ti/Al/Mo/Au  was  adopted  for  ohmic  metallization  on  n-GaN  in 
preference  to  Ti/Al/Ti/Au  due  to  the  low  solubility  of  Au  in  Mo.  Mo  acted  as  an 
effective  barrier  layer  and  prevented  lateral  diffusion.  Plasma  treatment  of  n-GaN 
surfaces  was  shown  to  be  critical  to  good  ohmic  contact  formation. 
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Low-resistance  ohmic  contacts  on  Alo.sgGa  0.4iN:  Excellent  ohmic  contact 
formation  was  achieved  using  Ti/Al/Mo/Au  on  n-AlGaN  with  high  A1  content. 
This  was  the  first  demonstration  of  such  a  contact. 
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Inductively  coupled  plasma  reactive  ion  etching  of  AIxGa1_xN 
for  application  in  laser  facet  formation 

F.  A,  Khan,  L,  Zhou,  A,  T,  Ping,  and  L  Adesidaa) 

Microelectronics  Laboratory  and  Department  of  Electrical  and  Computer  Engineering, 

University  of  Illinois,  Urbana,  Illinois  61801 

(Received  14  June  1999;  accepted  17  September  1999) 

The  etching  characteristics  of  Al^Gaj  _^N  grown  by  metal— organic  chemical-vapor  deposition  were 
investigated  in  an  inductively  coupled  plasma  (ICP)  reactive  ion  etching  system  using  Cl2  /Ar  gas 
mixtures.  Etch  rate  variations  with  substrate  bias  voltage,  ICP  coil  power,  chamber  pressure,  Cl2/Ar 
gas  mixture  ratios,  and  gas  flow  rates  were  investigated.  The  optimum  chamber  pressure  for  etching 
was  found  to  be  dependent  on  both  the  substrate  bias  voltage  and  ICP  coil  power.  Auger  electron 
spectroscopy  analysis  showed  that  the  stoichiometries  of  the  etched  Al0  22Gao  78N  surfaces  were 
identical,  independent  of  the  etching  conditions.  Etching  results  were  successfully  applied  to  form 
highly  anisotropic  and  smooth  facets  in  GaN/InGaN/AlGaN  heterostrueture  laser  materials. 
©  1999  American  Vacuum  Society ,  [S073 4-2 11X(99)  13 506-6] 


I.  INTRODUCTION 

Highly  anisotropic  and  smooth  sidewall  etch  processes 
are  important  in  the  fabrication  of  optoelectronic  devices 
such  as  laser  facets,  turning  mirrors,  and  gratings. 
Al^Gaj  _xN-based  heterostructures  are  essential  materials  for 
such  devices  operating  at  short  wavelengths.  However,  ow¬ 
ing  to  their  inert  chemical  nature  and  high  bond  energies, 
they  are  resistant  to  wet  chemical  etchants,  making  device 
patterning  mostly  dependent  on  dry  etching.  A  number  of 
dry  etching  techniques  and  plasma  chemistries  have  been 
reported  for  etching  a  wide  range  of  GaN-based 
materials.1"14  Etch  chemistries  have  been  largely  based  on 
Cl2  mixtures,  while  techniques  used  include  chemically  as¬ 
sisted  ion-beam  etching  (CAIBE),1"3  reactive  ion  etching 
(RIE),4”7  electron  cyclotron  resonance  reactive  ion  etching 
(ECR-RIE),8”10  magnetron  reactive  ion  etching,11  and  induc¬ 
tively  coupled  plasma  reactive  ion  etching  (ICP- RIE). 12-1 4 
To  date,  there  has  been  a  paucity  of  work  on  the  dry  etching 
characteristics  of  Al^Gai  _XN  over  the  entire  compositional 
range.15  It  is  essential  to  characterize  the  differences  in  etch 
rates  between  various  layer  compositions  in  order  to  tailor 
etching  processes  for  optoelectronic  and  power  electronic  de¬ 
vices  based  on  Al^Ga^N  heterostructures.  For  example, 
the  fabrication  of  laser  facets  and  mirrors  require  processes 
with  high  etch  rates  and  low  seleetivities  between  different 
layer  compositions.  On  the  other  hand,  gate  recessing  for 
field-effect  transistors  requires  etch  processes  with  low  etch 
rates  and  high  seleetivities  between  layers  of  different  com¬ 
positions. 

In  this  article,  we  present  our  work  on  ICP  etching  of 
A\xGal  _XN  over  its  entire  compositional  range  using  Cl2/Ar 
gas  mixtures.  Etch  rates  were  investigated  as  functions  of 
ICP  power,  sample  bias  voltage,  chamber  pressure,  gas  mix¬ 
ture  composition,  and  gas  flow  rate.  Successful  application 
of  the  etching  results  to  form  very  smooth  and  highly  aniso¬ 
tropic  facets  will  also  be  discussed. 
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II.  EXPERIMENT 

The  AltGa|  _*N  films  etched  in  this  study  were  epitaxially 
grown  by  metal-organic  chemical-vapor  deposition 
(MOCVD)  on  (0001)  sapphire  substrates.  The  thickness  of 
the  GaN  epilayer  was  2  pm  while  the  thickness  of  the 
AlfGai  _*N  (x= 0.1-1)  epilayers  ranged  from  0.3  to  0.8 
pm.  A  SixNv/Cr  bilayer  mask  structure  was  used  for  the 
characterization  of  etch  rates,  SixNv  was  deposited  on  the 
Al^Ga^N  layers  using  plasma-enhanced  chemical-vapor 
deposition  (PECVD).  A  metal  lift-off  technique  was  then 
used  to  pattern  the  samples  with  evaporated  Cr,  The  pattern 
defined  by  the  Cr  was  subsequently  transferred  into  the 
Si,Ny  using  SF6  plasma.  Samples  were  cleaned  briefly  in  a 
1:1  solution  of  HC1:H20  prior  to  being  etched  and  the  etch¬ 
ing  was  conducted  in  a  Plasma-Therm  Shuttlelock  700  ICP- 
RIE  system,  A  schematic  of  the  ICP-RIE  chamber  is  shown 
in  Fig,  1,  which  consists  of  an  inductive  source  mounted  on 
a  standard  RIE  system,  A  high-density  plasma  discharge  is 
generated  by  applying  rf  power  to  the  inductive  coil  using  a 
2  MHz  source.  The  plasma  diffuses  from  the  generation  re¬ 
gion  to  uniformly  fill  the  chamber  and  drifts  to  the  sub¬ 
strate’s  surface  at  energies  determined  by  the  substrate  bias 
voltage.  The  substrate  bias  voltage  can  be  independently 
controlled  by  tuning  the  second,  13.56  MHz,  rf  supply  con¬ 
nected  to  the  stage.  A  gas  flow  mixture  of  25  seem  of  Cl2  and 
5  seem  of  Ar  was  used  for  all  experiments  unless  otherwise 
stated.  All  samples  were  etched  with  the  stage  temperature 
held  at  28±3°C.  After  etching,  dilute  HF  was  used  to  re¬ 
move  the  Sysfy/Cr  mask,  A  profilomeler  was  used  to  mea¬ 
sure  the  etch  depths.  Since  this  study  was  geared  towards  the 
fabrication  of  smooth  facets,  emphasis  was  laid  on  investi¬ 
gating  processes  that  yielded  high  etch  rates  for  AlxGaj 

III.  RESULTS  AND  DISCUSSION 
A.  Etch  rate  study 

AIxGat  _XN  etch  rates  as  a  function  of  bias  voltage  are 
shown  in  Fig.  2(a).  The  ICP  power  and  the  chamber  pressure 
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Fig.  1 .  ICP-RIE  etching  system. 


were  kept  constant  at  500  W  and  5  mT,  respectively.  The 
energy  of  the  ions  incident  on  the  surface  of  the  substrate  is 
dependent  on  the  bias  voltage.  For  all  Al^Gaj  composi¬ 
tions,  etch  rates  increased  with  increase  in  substrate  bias 
voltage.  This  increase  is  due  to  higher  rates  of  physical  sput¬ 
tering  and/or  the  rate  of  surface  chemical  reactions  to  pro¬ 
duce  volatile  species.  Etch  rates  for  GaN  and  AIN  increased 
from  46  to  497  nrn/min  and  5  to  263  nm/min,  respectively,  as 
the  bias  voltage  increased  from  -50  to  -“250  V.  An  etch  rate 
of  3.5  nm/min  was  also  achieved  for  GaN  at  a  bias  voltage  of 
“7  V,  This  is  the  lowest  bias  value  reported  to  date  at  which 
an  etch  rate  for  GaN  was  observed.  The  same  data,  when 
plotted  as  a  function  of  the  fraction  of  x  in  Al^Ga!  _*N,  as  in 
Fig,  2(b),  showed  that  no  significant  change  in  selectivity 
between  GaN  and  AIN  occurs  above  —100  V  bias  values. 


(b)  Fraction  of  x  in  A(xGa1.xN 


Fig.  2,  (a)  Etch  rate  vs  bias  voltage,  (b)  Etch  rate  vs  fraction  of  *  in 
Alj-Gaj  _XN  (ICP  coil  power=500  W;  pressure- 5  mT;  and  gas  flow  rate 
=25/5  seem  of  Cl2/Ar), 


Fig.  3.  Etch  rate  vs  fraction  of  x  in  AlxGaj_^N  (bias  voltage=-150  V; 
pressure =5  mT;  and  gas  flow  rate =2 5/5  seem  of  CI2/Ar). 

The  etch  rates  were  also  observed  to  decrease  as  the  value  of 
x  increased  from  GaN  to  AIN.  This  may  be  attributed  to  the 
increase  in  bond  energy  of  ALcGal  _*N  with  an  increase  in 
the  value  of  x,  This  may  also  be  due  to  some  background 
oxygen  present  in  the  chamber  which  will  result  in  reducing 
the  etch  rate  of  Al-eontaimng  samples.  However,  since  our 
ICP  chamber  is  load  locked,  the  effect  of  background  oxygen 
on  the  etch  rates  should  be  minimal.15 

AlxG&i  _XN  etch  rates  as  a  function  of  x  for  ICP  coil  pow¬ 
ers  of  300,  500,  and  800  W  are  shown  in  Fig.  3.  Bias  voltage 
and  chamber  pressure  were  kept  constant  at  -150  V  and  5 
mT,  respectively.  An  increase  in  the  ICP  coil  power  in¬ 
creases  the  density  of  the  plasma  in  the  chamber,  and  conse¬ 
quently,  the  density  of  the  ions  arriving  on  the  surface  of  the 
substrate.  Therefore,  higher  values  of  ICP  coil  power  at  con¬ 
stant  voltage  values  should  result  in  an  increase  in  the  chemi¬ 
cal  component  of  the  etching  mechanism.  Surface  chemical 
reactions  are  dependent  on  the  reaction  activation  energies, 
which  in  turn  are  dependent  on  bond  energies  of  the  material 
being  etched.  Since  the  average  bond  energy  increases  as  we 
increase  the  concentration  of  A1  in  AlYGaj  _A.N5  we  would 
expect  a  higher  change  in  the  rage  of  surface  chemical  reac¬ 
tions  for  GaN  than  AIN,  producing  a  change  in  the  slope  of 
the  iso-coil-power  etch  rate  lines  as  we  change  the  ICP  coil 
power.  Etch  rates  increased  from  250  to  566  nm/min  and  112 
to  300  nm/min  for  GaN  and  AIN,  respectively,  as  the  ICP 
coil  power  was  increased  from  300  to  800  W, 

GaN  and  Al0 10Gao  90N  etch  rates  as  a  function  of  chamber 
pressure  are  shown  in  Fig.  4.  An  interaction  between  the 
chamber  pressure  and  both  the  ICP  coil  power  and  substrate 
bias  voltage  was  observed.  Keeping  the  ICP  coil  power  at 
500  W,  when  the  bias  voltage  was  increased  from  —150  to 
-300  V,  the  optimum  etching  pressure  to  obtain  the  highest 
etch  rate  was  observed  to  increase  from  3  to  5  mT  as  shown 
in  Fig.  4(a).  Similarly,  keeping  the  bias  voltage  value  at 
—300  V,  as  the  ICP  coil  power  was  increased  from  500  to 
700  W  the  optimum  etching  pressure  was  observed  to  in¬ 
crease  from  5  to  7  mT.  At  higher  pressures,  the  collision 
frequency  of  ions  that  produce  neutrals  increases,  resulting  in 
a  decrease  in  etch  rate.  However,  at  higher  pressures  more 
ions  can  be  produced  by  increasing  the  ICP  coil  power. 
Moreover,  by  also  increasing  the  bias  voltage  we  can  in- 
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Fig.  4.  (a)  Etch  rate  vs  chamber  pressure  for  bias  voltages  of  -150  and 
-300  V  (ICP  coil  power-500  W;  pressure=5  mT;  and  gas  flow  rate =25/5 
seem  of  Cl2/Ar),  (b)  Etch  rate  vs  chamber  pressure  for  ICP  coil  powers  of 
500  and  700  W  (bias  voltage=— 300  V;  pres  sure =5  mT;  and  gas  flow 
rate =25/5  seem  of  Cl2  /Ar), 

crease  the  probability  that  more  ions  reach  the  substrate  be¬ 
fore  they  recombine  to  form  neutrals.  Therefore,  by  increas¬ 
ing  the  ICP  coil  power  and/or  the  bias  voltage,  we  can 
overcome  the  reduction  in  etch  rate  due  to  the  increased 
number  of  neutrals. 

Figure  5  shows  etch  rates  for  GaN  and  Al0]0Ga090N  as  a 
function  of  the  fraction  of  CI2  in  the  Cl2/Ar  gas  mixture. 
Bias  voltage,  ICP  coil  power,  and  chamber  pressure  were 
kept  constant  at  —150  V,  500  W,  and  5  mT,  respectively. 
The  etch  rate  was  found  to  be  relatively  insensitive,  within 


Fig.  5.  Etch  rate  vs  gas  mixture  composition  (ICP  coil  power =500  W;  bias 
voltage=-150  V;  pressure =5  mT;  and  total  gas  flow  rate =30  seem  of 
Cl2/Ar). 


Fig.  6.  Etch  rate  vs  gas  flow  rate  (ICP  coil  power=500  W;  bias  voltage 
=  - 1 50  V;  pressure =5  mT;  and  gas  ratio =70%  Cl2  and  30%  Ar). 


error  uncertainties,  to  the  change  in  Cl2  percentage  in  the 
Cl2/Ar  gas  mixture.  Etch  rates  were  also  studied  as  a  func¬ 
tion  of  flow  rate  at  —150  V  bias,  500  W  ICP  coil  power,  5 
mT  chamber  pressure,  and  70%  CI2  present  in  the  Cl2/Ar  gas 
mixture.  Very  little  change  in  etch  rates  was  observed  with 
change  in  flow  rate  as  shown  in  Fig.  6. 

Auger  electron  spectroscopy  (AES)  analysis  was  per¬ 
formed  on  etched  Al^Ga^N  layers  to  investigate  etch- 
induced  surface  stoichiometric  changes.  The  AES  spectra  of 
an  unetched  control  sample  is  shown  in  Fig.  7(a).  Figure  7(b) 
shows  an  ICP-RIE  etched  sample  at  800  W  ICP  coil  power 
and  -300  V  bias  voltage  while  Fig.  7(c)  shows  an  ICP-RIE 
etched  sample  at  300  W  ICP  coil  power  and  -50  V  bias 
voltage.  The  chamber  pressure  was  kept  at  5  mT  and  the 
etching  time  was  30  s.  The  surfaces  of  all  samples  were 
cleaned  in  dilute  HF  solution  before  being  analyzed.  The  C 
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Fig.  7.  AES  of  (a)  an  unetched  AIq^Gsq  ?SN  sample,  (b)  Al^Ga^N 
sample  etched  at  ICP  coil  power=800  W;  bias  voltage=-300  V; 
pressure =5  mT;  and  gas  flow  rate=25/5  seem  of  Cl2/Ar.  (c)  AI0,22G%78N 
sample  etched  at  ICP  coil  power=300  W;  bias  voltage=— 50  V;  pressure=5 
mT;  and  gas  flow  rate =25/5  seem  of  Cl2/Ar. 


J,  Vac.  Sci.  Technol.  B,  Voi.  17,  No.  6,  Nov/Dec  1999 


2753 


Khan  et  al.:  ICP-R1E  etching  of  A\xGa^  _XN 


2753 


Fig.  8.  (a)  Oxide  masking  scheme.  Step  1:  RIE  etch  the  PECVD  SixOy  using 
a  Cr  mask.  Step  2:  Remove  Cr  and  redeposit  a  thin  layer  of  PECVD  SixOv . 
Step  3:  RIE  etch  back  the  oxide  layer. 

and  O  peaks  in  the  various  spectra  are  due  to  the  atmospheric 
exposure.  The  Cl  in  the  spectra  of  the  etched  sample  is  from 
the  etchant  gas.  After  HF  cleaning,  the  spectra  of  the  etched 
surfaces  were  observed  to  be  identical,  independent  of  the 
etching  condition.  Within  experimental  error,  the  relative 
concentration  of  N,  Al,  and  Ga  on  the  etched  samples  was 
observed  to  be  identical  to  the  unetched  control  sample. 

B.  Smooth  facet  formation 

Laser  facets  may  require  etched  depths  exceeding  a  few 
microns.  At  the  same  time,  they  need  to  be  very  smooth  and 
highly  anisotropic.  Therefore,  processes  for  etching  facets 
require  high  etch  rates  to  minimize  the  etching  time.  They 
also  require  low  etch  selectivity  between  the  various  sub¬ 
strate  layers  so  that  the  etch  rate  is  not  significantly  affected 
by  any  particular  layer.  At  the  same  time,  they  require  high 
etch  selectivity  between  the  mask  and  the  substrate.  A  low 
etch  selectivity  would  require  an  increase  in  mask  thickness 
and  might  result  in  degradation  of  the  anisotropy  and  side- 
wall  smoothness  of  the  etched  facet.  The  etch  rate  study 
showed  that  optimization  of  an  etch  process  to  fulfill  these 
requirements  requires  optimized  values  for  bias  voltage,  ICP 
coil  power,  and  chamber  pressure.  As  shown  in  Fig.  2(a), 
increasing  die  bias  voltage  increases  the  etch  rate.  However, 
higher  bias  values  reduce  the  etch  selectivity  between  the 
masking  material  and  the  substrate.  Increasing  the  ICP  coil 
power  also  increases  the  etch  rate  at  the  expense  of  the  etch 
selectivity  between  the  mask  and  the  substrate.  An  increase 
in  chamber  pressure  was  observed  to  degrade  the  smoothness 
of  the  etched  facets. 

A  high-quality  facet  also  requires  a  high-quality  mask 
(see  Fig.  8).  Any  degradation  in  the  quality  of  the  mask  is 
etched  directly  into  the  facet,16  A  SixOy  mask  was  used  in 
this  study.  The  mask  was  deposited  on  the  GaN/InGaN/ 
AlGaN  heterostmcture  laser  material  by  a  PECVD  system,  A 
100-nm-thick  Cr  mask,  patterned  on  SixOy  by  lift-off,  was 
used  to  etch  the  Si^O^.  Any  edge  imperfections  present  in 


Fig,  9.  Etched  facet  in  GaN/InGaN/ AlGaN  heterostructure  laser  material 

the  Cr  mask  would  get  etched  into  the  SixOv  during  this  step. 
To  smooth  them  out,  the  Cr  was  removed  and  a  thin  layer  of 
PECVD  SixOy  was  redeposited  on  top  of  the  etched  oxide 
followed  by  a  RIE  blanket  etch  back.  An  etched  facet  using 
this  masking  scheme  is  shown  in  Fig.  9,  The  facet  was 
etched  at  - 1 60  V  bias  voltage,  500  W  ICP  coil  power,  2  mT 
chamber  pressure  with  a  flow  rage  of  25  seem  of  Cl2,  and  5 
seem  of  Ar,  The  roughness  of  the  facet  as  viewed  in  a  scan¬ 
ning  electron  microscope  was  less  than  20  nm.  The  sidewall 
angle  with  respect  to  the  surface  normal  was  less  than  1°. 

IV,  CONCLUSIONS 

In  summary,  etch  rates  of  AlxGaj  _XN  over  the  entire 
compositional  range  were  investigated  using  inductively 
coupled  plasma  reactive  ion  etching  in  Cl2/Ar  gas  mixtures. 
Etch  rates  were  found  to  increase  with  bias  voltage  and  ICP 
coil  power.  Etch  rates  were  also  observed  to  decrease  with  an 
increase  in  Al  composition.  Optimum  chamber  pressure  for 
etch  rates  was  found  to  be  dependent  on  both  the  ICP  coil 
power  and  bias  voltage.  Very  little  change  in  etch  rate  was 
observed  as  the  gas  mixture  or  the  total  gas  flow  rate  was 
changed  under  the  etching  conditions  being  investigated.  Au¬ 
ger  electron  spectroscopy  analysis  showed  that  the  composi¬ 
tion  of  the  etched  surfaces  was  identical,  independent  of  the 
etching  conditions.  High-quality  etched  facets  in  GaN/ 
InGaN/ AlGaN  heterostructure  laser  material  were  also  suc¬ 
cessfully  fabricated. 
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We  describe  a  technique  based  on  photoelectrochemical  wet  etching  that  enables  efficient  and 
accurate  evaluation  of  dislocation  densities  in  n-type  GaN  films.  The  etching  process  utilizes  dilute 
aqueous  KOH  solutions  and  Hg  arc  lamp  illumination  to  produce  etched  GaN  “whiskers”  by 
selectively  etching  away  material  around  threading  dislocations.  The  etched  whiskers,  each 
corresponding  to  a  single  threading  dislocation,  can  be  effectively  imaged  by  plan-view  scanning 
electron  microscopy.  The  distribution  and  density  of  dislocations  are  then  readily  observed  over 
very  large  sample  areas.  Transmission  electron  microscope  and  atomic  force  microscope  studies  of 
the  GaN  samples  confirm  the  accuracy  of  the  dislocation  density  obtained  by  the  wet  etching. 
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Epitaxial  GaN  films  grown  on  sapphire  or  SiC  typically 
have  very  high  dislocation  densities  in  the  range  of 
108-1010/cm2.  The  technique  of  lateral  epitaxial  overgrowth 
(LEO)  of  GaN  has  recently  enabled  significant  reductions  in 
dislocation  density,  with  consequent  improvements  in  mate¬ 
rial  optical  and  electrical  characteristics  as  well  as  device 
performance.1-3  The  ability  to  rapidly  assess  improvements 
in  material  quality  that  result  from  new  growth  techniques 
and  conditions  is  essential  to  the  material  development  cycle. 
Presently,  transmission  electron  microscopy  (TEM)  is  the 
most  effective  means  of  observing  dislocations  in  GaN  films. 
However,  the  principal  disadvantage  of  TEM  is  that  it  re¬ 
quires  extensive  and  skillful  sample  preparation,  especially 
for  GaN  and  related  compounds.  Nanometer-scale  pits  have 
been  observed  by  atomic  force  microscopy  (AFM)  on  very 
smooth  GaN  surfaces.  These  pits  have  been  correlated  with 
the  surface  termination  of  dislocations.4  The  effectiveness  of 
this  method  for  measuring  dislocation  densities,  however, 
depends  upon  the  smoothness  of  the  nitride  surface  and  the 
size  of  the  surface  pits.  Frequently,  pits  associated  with  edge- 
type  dislocations  are  very  small  and  are  less  readily  ob¬ 
served. 

We  have  recently  described  a  photoelectrochemical 
(PEC)  wet  etching  process  that  produces  highly  anisotropic 
“whiskers”  in  n-type  GaN  films  by  selectively  etching  away 
material  between  threading  dislocations.5  The  etched  whis¬ 
kers  are  typically  between  10  and  50  nm  in  diameter  and  can 
be  up  to  1  pm  or  more  in  height.  TEM  analysis  of  the  etched 
whiskers  has  confirmed  that  they  contain  threading  disloca- 
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tions  at  their  centers.5  Whisker  formation  was  associated 
with  both  edge  and  mixed  character  dislocations.  The  mecha¬ 
nism  for  the  etching  selectivity  is  believed  to  arise  from  elec¬ 
trical  activity  at  the  dislocations,  which  influences  the  local¬ 
ized  concentrations  of  photogenerated  holes  at  the 
dislocations.5 

In  this  letter,  we  describe  an  effective  process  for  rapidly 
and  accurately  assessing  dislocation  densities  in  n-type  GaN 
films  using  PEC  etching.  The  PEC  etch  process  is  carried  out 
with  a  relatively  simple  apparatus,  and  the  etched  whiskers 
can  be  readily  observed  by  scanning  electron  microscopy 
(SEM)  or  AFM.  Plan- view  TEM  analysis  confirmed  a  close 
correlation  between  the  actual  dislocation  density  in  the  films 
and  the  density  of  etched  whiskers.  In  addition,  we  have 
observed  a  one-to-one  correspondence  between  the  nanom¬ 
eter  surface  pits  identified  (before  etching)  by  AFM,  and  the 
whiskers  that  subsequently  formed  by  etching  in  the  identi¬ 
cal  region  of  the  GaN  sample. 

Two  different  sets  of  GaN  samples  were  studied  in  this 
work.  The  first  were  unintentionally  doped  («~  1 X  1017) 
GaN  films  grown  on  sapphire  substrates  by  hydride  vapor 
phase  epitaxy  (HYPE)  with  a  thickness  of  70  pm.  The  sec¬ 
ond  set  of  samples  consisted  of  2-^tm-thick,  Si-doped  (n 
~  1  X  1018)  GaN  films  that  were  grown  by  metalorganic 
chemical  vapor  deposition  (MOCVD)  on  SiC  substrates. 
Cross-sectional  TEM  analysis  of  the  MOCVD  GaN  films  on 
SiC  showed  a  dislocation  density  in  the  low-109  cm-2  range. 
Plan-view  TEM  studies  of  the  HVPE  films  previously  indi¬ 
cated  a  very  low  defect  density  in  the  range  of 
mid- 1 07-mid- 1 0s  cm-2. 6 

The  experimental  setup  used  for  the  etching  is  described 
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FIG.  1.  SEM  micrograph  of  whiskers  produced  by  selective  etching  of 
dislocations  in  a  HYPE  GaN  film.  The  ring-like  structure  is  suggestive  of  a 
misoriented  grain  in  the  nitride  film. 

in  detail  elsewhere  7  The  GaN  samples  were  illuminated  dur¬ 
ing  the  etching  by  a  350  W  Hg  arc  lamp  with  a  typical 
intensity  of  25  mW/cm2  at  365  nm.  The  electrolyte  consisted 
of  dilute  aqueous  solutions  of  KOH  with  concentrations  in 
the  range  of  0:002-0.006  M.  The  solutions  were  magneti¬ 
cally  stirred  during  the  etching.  The  etch  rate  of  the  GaN 
under  these  conditions  was  approximately  25  nm/min. 

Whisker  formation  occurred  only  under  very  specific 
process  conditions  that  produced  a  high  etch  selectivity  at  the 
dislocations.  We  have  previously  reported  whisker  formation 
in  narrow  window  of  solution  concentration  (0.01-0.04  M 
KOH)  for  unstirred  solutions.5  Stirring  the  solution  during 
etching  provided  more  controllable  process  conditions  by  en¬ 
abling  whisker  formation  over  a  wider  range  of  solution  con¬ 
centration  (compared  to  unstirred  solutions).  When  using 
stirred  solutions,  selective  etching  occurred  for  concentra¬ 
tions  of  0.001-0.01  M  KOH.  Note  that  these  solutions  are 
significantly  more  dilute  than  for  the  unstirred  case.  The  so¬ 
lution  concentrations  that  enable  the  selective  etching  of  dis¬ 
locations  appear  to  correspond  to  moderately  diffusion- 
limited  etching  conditions.  Decreasing  the  solution 
concentration  further  resulted  in  a  strongly  diffusion-limited 
etch  process  and  a  smooth  etched  surface  morphology  free  of 
whiskers.8 

The  SEM  micrograph  shown  in  Fig.  1  demonstrates  the 
etched  whiskers  produced  by  the  selective  PEC  etching  pro¬ 
cess.  The  HVPE  GaN  sample  shown  in  this  image  was 
etched  for  45  min  in  a  stirred  0.004  M  KOH  solution.  The 
etched  whiskers  are  approximately  50  nm  thick  and  1  fim 
tall.  Note  that  the  1  jutm  whisker  height  corresponds  to  the 
removal  of  1  fin i  of  GaN  material  around  the  threading  dis¬ 
locations,  Some  of  the  threading  dislocations  are  due  to  ro¬ 
tational  misalignments  between  adjacent  islands  during  the 
early  stages  of  growth.6,9-11  These  have  been  found  by  TEM 
experiments  to  be  edge  dislocations  with  burgers  vector  b 
=  1/3(1 120), 9-11  In  some  regions  of  the  sample,  as  indicated 
in  Fig,  1,  the  distribution  of  whiskers  is  seen  to  form  a  “ring- 
like’ *  structure,  suggestive  of  a  cell  boundary.  The  diameter 
of  the  ring,  in  this  case,  is  about  4  /mi  and  the  spacing  D  of 
the  dislocations  within  the  ring  is  approximately  0.1  fjm. 
Using  the  simple  relationship  for  low  angle  grain  boundaries, 
$=b/D,12  the  misorientation  angle  for  burgers  vector  b 
=  0,319nm,  can  be  determined.  The  value  was  found  to  cor- 


FIG,  2.  Low-magnification  plan-view  scanning  electron  micrograph  of 
etched  whiskers  in  a  HVPE  GaN  film.  The  etched  whiskers  provide  a  useful 
map  of  the  distribution  of  dislocations  in  the  nitride  film.  The  dislocation 
density  is  estimated  from  this  image  to  be  2.  IX  10s  cm“2, 

matrix  by  9.8  min.  This  is  comparable  to  the  width  of  the 
x-ray  diffraction  rocking  curve  found  for  the  (102)  asymmet¬ 
ric  reflection,6  which  is  associated  with  edge  dislocations.13. 

Plan-viewf  SEM  is  an  effective  technique  to  observe  the 
population  of  etched  whiskers  over  very  large  sample  areas. 
The  whiskers  are  sharp  surface  discontinuities  and  provide 
high  contrast  against  the  smooth  background  surface.  Figure 
2  shows  a  15X25  fxm2  plan-view  SEM  image  of  an  etched 
HVPE  sample.  The  image  brightness  and  contrast  have  been 
optimized  so  that  the  etched  whiskers  appear  as  bright  points 
against  a  dark  background,  imparting  on  Fig,  2  a  star-map 
appearance.  The  use  of  plan-view  TEM  to  observe  disloca¬ 
tions  in  GaN  is  effective  only  for  substantially  smaller  areas 
than  seen  in  Fig.  2.  The  ability  to  survey  large  sample  areas 
is  especially  critical  for  samples  with  low  dislocation  densi¬ 
ties.  (A  dislocation  density  of  106cm~2  corresponds  to  one 
dislocation  in  100  fim2,)  The  dislocation  density  in  Fig,  2  is 
estimated  at  2.1  X 108  cm-2. 


(b) 


FIG.  3,  (a)  Plan-view  TEM  micrograph  of  HVPE  GaN  film.  The  dislocation 
density  is  estimated  from  the  TEM  image  to  be  1.8  X  10s  cm-2,  (b)  A  sub¬ 


section  of  the  dislocation  map  from  Fig,  2,  shown  at  a  comparable  magm- 
respond  to  a  “grain”  that  is  misoriented  with  respect  to  the  fication  to  the  tem  image  in  (a). 
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FIG,  4,  (a)  AFM  image  of  unetched  MOCVD  GaN  film.  The  high  density  of 
nanometer-scale  surface  pits  are  associated  with  the  surface  termination  of 
threading  dislocations,  (b)  Plan-view  SEM  micrograph  of  etched  whiskers 
produced  in  the  identical  surface  region  of  the  GaN  sample  shown  in  Fig, 
4{a),  The  white  box  indicates  the  1X1  fim2  area  surveyed  by  AFM.  A 
one-to-one  correspondence  exists  between  the  etched  whiskers  and  the  sur¬ 
face  pits  seen  before  etching  by  AFM.  The  dislocation  density  is  estimated 
at  3.6X  KT9  cm”2. 

It  is  important  to  verify  that  the  PEC  etch  technique  and 
TEM  produce  similar  estimates  of  dislocation  density  in 
GaN  films.  Figure  3(a)  shows  a  plan-view  TEM  image  of  the 
HYPE  film.  The  TEM  image  indicates  a  dislocation  density 
of  approximately  1.8X  108  cm-2,  which  is  similar  to  the 
etched  whisker  density  shown  in  Fig.  2,  For  comparison.  Fig. 
3(b)  shows  a  region  of  Fig.  2  that  has  been  enlarged  to  a 
similar  magnification  as  the  TEM  image  in  Fig.  3(a). 

AFM  surface  scans  of  GaN  epitaxial  films  frequently 
reveal  nanometer-scale  surface  “pits,”  which  have  been  pre¬ 
viously  attributed  to  the  surface  termination  of  threading 
dislocations.4  On  very  smooth  GaN  films,  these  pits  are  gen¬ 
erally  observed  to  be  positioned  at  surface  step  terminations, 
which  suggests  that  the  pits  are  correlated  with  dislocations 
of  pure  screw  or  mixed  character.  High  quality  AFM  can 
also  sometimes  be  used  to  observe  smaller  pits  that  do  not 
occur  at  atomic  terraces,  which  may  be  associated  with  pure 
edge  dislocations.4  Since  the  AFM  technique  is  nondestruc¬ 
tive,  we  conducted  an  AFM  study  of  a  particular  GaN  sur¬ 
face,  and  then  subsequently  etched  the  GaN  sample  and  ob¬ 
served  the  resulting  etch  characteristics  on  the  same  region 
of  the  sample.  Metal  alignment  marks  were  patterned  onto 


the  sample  to  facilitate  relocating  the  identical  area  of  the 
sample  with  submicron  reproducibility. 

Figure  4(a)  shows  a  1  X 1  ^m2  AFM  surface  scan  of  an 
unetched  GaN  film  grown  by  MOCVD  on  SiC.  The  root 
mean  square  (rms)  roughness  of  the  unetched  film  was  ap¬ 
proximately  0.3  nm.  A  high  density  of  surface  pits  is  ob¬ 
served  on  the  unetched  surface,  as  described  above.  The  GaN 
sample  was  then  etched  using  a  stirred  0.004  K  KOH  solu¬ 
tion  for  15  min,  A  plan- view  SEM  image  of  exactly  the  same 
area  of  the  sample  after  etching  is  shown  in  Fig.  4(b).  The 
original  1  X  1  fim2  area  imaged  by  AFM  in  Fig.  4(a)  is  iden¬ 
tified  in  Fig.  4(b)  with  a  white  box.  The  nanometer  pits  ob¬ 
served  by  AFM  closely  map  onto  the  whiskers  produced  by 
the  PEC  etching.  The  dislocation  density  for  the  MOCVD 
samples  in  Fig.  4  is  estimated  at  3.6X  10“9  cnT2. 

In  summary,  a  technique  has  been  developed  for  reveal¬ 
ing  and  estimating  dislocations  in  n-t ype  GaN  films  through 
photoelectrochemical  wet  etching.  The  etching  process  pro¬ 
duces  highly  anisotropic  whiskers  by  selectively  removing 
material  between  threading  dislocations.  The  etched  whis¬ 
kers  provide  an  accurate  map  of  both  edge  and  mixed  char¬ 
acter  dislocations  in  the  GaN  material.  A  close  correspon¬ 
dence  between  the  whiskers  and  threading  dislocations  has 
been  confirmed  through  TEM  and  AFM  analysis, 
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for  the  circuit  in  Fig,  2ft ,  giving  improvements  of  a  factor  of  1,7 
and  2,6,  respectively,  over  the  typical  one-octave  tuning  range 
obtained  from  the  njm-on\y  /-‘integrator,  At  nominal  conditions 
in  both,  circuits,  the  phase  errors  at  fU  were  less  than  3,8°  (for  DC 
gains  of  40dR).  In  an  fT  Integrator-based  resonator  design,  this 
phase  error  is  not  usually  a  significant  problem  since  it  can  be  mit¬ 
igated  by  the  frequeney/DC-gain  control  circuit  embedded  within 
the  integrator  [2],  lug,  3  illustrates  the  frequency  response  close  to 
the  tuning  extremes  of  the  circuit  in  Fig.  2ft,  Total  output  har¬ 
monic  distortion  of  <  -40 dB  for  an  Input  at  fu  is  achieved  over 
the  entire  tuning  range  with  the  output  current  swing  up  to  50% 
modulation  index  (peak)  in  both  integrators.  The  test  frequency  at 
the  unity  gain  of  the  integrator  was  chosen  because  it  would  typi¬ 
cally  be  the  centre  frequency  of  the  resonator  in  which  the  fT  inte¬ 
grators  operate.  Also,  at  such  frequencies,  parasitic  capacitances 
become  significant,  and  simulations  suggest  that  better  linearity 
can  be  achieved  at  frequencies  below  the  fv. 

frintegrators  in  CMOS  technology:  fn  an  /i-well  CMOS  process 
where  the  well  is  used  to  form  the  /r-type  base  of  the  bipolar  junc¬ 
tion  transistor  (BIT),  there  are  two  types  of  bipolar  transistor 
readily  available  without  additional  process  steps,  namely  sub¬ 
strate  or  vertical  pnp  (whose  collector  is  always  tied  to  the  sub¬ 
strate)  and  lateral  pnp.  It  is  therefore  conceptually  straightforward 
and  attractive  to  implement  fY  integrators  using  the  lateral  pnp.  As 
the  fr  integration  technique  requires  no  physical  linear  capacitors, 
the  scheme  is  entirely  compatible  with  standard  digital  CMOS 
technologies.  With  a  0,6pm  CMOS  technology,  an  fT  integrator 
with  a  structure  similar  to  that  in  Fig,  1  was  simulated  using  only 
lateral  pnp  transistors  (ft)  —  12  and  fr  —  170MHz  with  nominal 
biasing  collector  current  of  30pA),  Simulation  results  show  that 
the  circuit  is  tunable  from  50MHz  to  UOMHz  with  total  har¬ 
monic  distortion  of  <  -46dB  over  the  entire  tuning  range  (for  an 
input  signal  at  fv  and  with  an  output  current  swing  up  to  50% 
modulation  depth).  These  results  suggest  that  lateral  pnp  devices 
may  have  a  role  to  play  in  continuous  time  signal  processing  using 
digital  CMOS  technologies. 

Conclusions;  The  implementation  of  fT  integrators  using  com¬ 
monly  available  lateral  pnp  transistors  in  standard  BiCMOS  and 
CMOS  processes  has  been  demonstrated.  Owing  to  the  relatively 
large-base  transit  time  and  low  nominal  biasing  current  of  these 
lateral  pnp  devices,  the  simulated  integrators  possess  significantly 
improved  tuning  capability  with  less  power  consumption  com¬ 
pared  to  the  previous  npn-cmly  circuits.  It  is  expected  that  this 
improvement  will  enable  the  design  of /-integrator  based  resona¬ 
tors,  filters  and  oscillators  with  wider  tuning  range,  and  reduced 
pwer  and  chip  area,  A  resonator  based  on  the  aforementioned//" 
integrators  is  being  tested  and  will  be  presented  elsewhere. 
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Gate  recessing  of  GaN  MESFETs  using 
photoelectrochemical  wet  etching 

A,T.  Ping,  D.  Selvanathan,  C,  Youtsey,  E.  Finer, 

J.  Redwing  and  I.  Adesida 

For  the  first  time  GaN -based  MESFETs  which  hare  teen 
recessed  using  a  wet  etching  process  are  presented, 
Photoelectrochemical  etching  was  used  to  recess  openings  through 
the  heavily-doped  «-GaN  cap  and  into  the  n-CaN  channel.  The 
DC  and  RF  characteristics  of  recessed-gate  GaN  MESFETs  are 
presented. 

Introduction:  The  performance  of  field-effect  transistors  based  on 
the  group-HI  nitrides  has  been  impressive  and  demonstrates  the 
potential  of  these  materials  for  high-power  and  high-temperature 
applications  [1,  2],  However,  significant  improvements  in  the 
device  performance  can  still  be  obtained  through  optimisation  of 
the  drain-source  ohmic  contacts.  One  method  for  improving  the 
ohmic  contact  resistance  involves  gate  recessing  a  heavily-doped 
cap  layer,  which  is  carried  out  extensively  in  other  11I-V  material 
systems.  However,  the  inability  to  chemically  wet  etch  the  nitrides 
has  made  it  difficult  to  apply  gate  recessing  techniques  to  the 
nitride  system.  A  wet  etching  process  called  photoelectrochemical 
(PEC)  etching  has  recently  teen  demonstrated  to  be  a  viable  tech¬ 
nique  In  etching  #~typc  GaN  [3,  4].  This  technique  is  capable  of 
producing  high  etch  rates,  highly  anisotropic  etch  structures,  and 
very  smooth  surfaces  depending  on  the  electrolyte  concentration 
and  light  intensity  [4,  5].  This  technique  also  offers  damage-free 
etching  since  photons  and  not  ions  are  used  to  initiate  the  etching 
process.  These  etching  attributes,  i.e.  smooth  etch  surfaces  and 
damage-free  etching,  are  very  attractive  and  necessary  for  fabricat¬ 
ing  recessed -gate  devices.  In  this  Letter,  we  present  for  the  first 
time  the  successful  application  of  PEC  etching  in  the  gate  recess¬ 
ing  of  GaN-based  FETs, 


Fig,  t  SEM  photograph  of  If  On  wide  opening  recessed  using  PEC 

Device  fabrication:  The  layer  used  In  the  study  presented  in  this 
Letter  was  grown  on  sapphire  substrates  by  metal  organic  vapour 
epitaxy  (MOVPE).  The  cpilayer  consisted  of  an  AIN  buffer,  2pm 
of  insulating  GaN,  a  20G0A  lightly-doped  w-GaN  channel  (~2  x 
10l?cm-3),  and  a  400 A  highly-doped  (>5  x  10l8em3)  GaN  cap. 
Mesa  isolation  was  achieved  using  chemically  assisted  ion  beam 
etching.  The  drain-source  ohmic  contacts  consisted  of  rapid-lher- 
mally  annealed  Ti/Al/Ti/Au.  The  formation  of  the  recessed 
Schottky  gate  was  performed  using  a  two  step  lithography  proc¬ 
ess.  First,  electron-beam  lithography  was  used  to  pattern  1pm 
wide  openings  eentred  within  the  drain-source  region.  The  n*  GaN 
cap  was  then  recessed  away  using  PEC  under  conditions  described 
by  Youtsey  et  ah  [5],  A  second  electron-team  lithography  step  was 
used  to  pattern  mushroom-shaped  0.25pm  gates  within  the  1pm 
wide  recess  openings.  The  Schottky  gate  consisted  of  Ni/Au.  The 
total  device  width  was  100pm.  Fig.  1  shows  an  SEM  photograph 
of  a  I  pm  wide  recessed  opening  which  was  etched  by  the  PEC 
process.  Note  that  the  etched  surface  is  smooth.  An  SEM  photo¬ 
graph  of  a  completed  recessed-gate  GaN  MESFET  is  shown  In 
Fig.  2. 

Device  performance;  Fig.  3 a  and  ft  shows  the  common-source  IDfr 
Vm  and  transfer  characteristics,  respectively,  for  a  typical  0,25pm 
gate-length  recessed-gate  GaN  MESFET,  The  drain-source 
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spacing  was  nominally  3pm.  A  peak  of  354mA/mm  was  meas¬ 
ured.  The  transfer  characteristics  show  good  pinch-off  characteris¬ 
tics  with  a  peak  extrinsic  transconductance  (gmtCXl)  of  33mS/mm  at 
a  gate  bias  of  -4.5V,  The  output  conductance,  measured  at  the 
bias  for  peak  gUKCXh  was  IL4mS/mm.  The  maximum  achievable 


Fig,  2  SEM  side  view  of  completed  recessed-gate  GaN  MBS  RET  with 
l pm  recess  opening  and  0,25pm  gate 


Fig.  3  Common-source  fos-^ns  characteristics  where  gate  potential 
was  swept  from  0  to  - 10  V  in  -  I V  increments ,  and  transfer  characteris¬ 
tics  with  (tain-source  bias  fixed  at  6  V 

a  Common-source  characteristics 
b  Transfer  characteristics 


gain  igmfgf)  is  thus  2.9  for  these  devices.  The  threshold  voltage 
was  -S.6  V  and  was  found  from  the  VGS  intercept  of  the  extrapola¬ 
tion  of  a  tangent  from  the  1D  curve  at  the  point  of  maximum 
grnjcxp  ^is  value  is  very  high  and  indicates  that  a  significant  por¬ 
tion  of  the  channel  was  not  recessed  away  by  the  PEC,  The  gate- 
to-drain  I-V  characteristics  (not  shown)  were  well-behaved  with  a 
forward  turn-on  voltage  of  0.9V.  The  reverse-bias  breakdown 
exceeded  20V  with  a  gate  leakage  current  of  ~6Gj.iA  at  -20V. 
These  characteristics  showed  that  the  PEC  was  successful  in 
removing  the  heavily-doped  /i-OaN  cap  material  from  under  the 
gate  metal  contact. 

The  small-signal  characteristics  were  measured  from  1  to 
35GI-I2  using  an  HP85I0  network  analyser.  The  current-gain  cut¬ 
off  frequency  (fT)  and  maximum  frequency  of  oscillation  (fmax ) 
were  extrapolated  from  \h2 1|  and  GAmax  data,  respectively,  at 
-20dB/decade,  A  peak//*  of  12GHz  and  an/mv  of  23GHz  were 
measured  at  drain  and  gate  biases  of  8  and  -2.6V,  respectively. 
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To  the.  best  of  the  authors'  knowledge,  we  have  demonstrated 
for  the  first  time  GaN-based  FETs  which  were  recessed  using  a 
wet  etching  process.  The  recessed  a  teas  tended  to  be  smooth  to 
slightly  rough.  The  devices  had  an  lm  of  354  mA/mm,  a  gUhext  of 
33mS/mm,  an  fT  of  12GHz,  and  an  fmnx  of  23 GHz.  Further 
advance  such  as  double-recess  gate  technology  are  currently  being 
developed  for  the  fabrication  of  GaN-based  MESFETs  and 
HEMTs. 
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Impact  of  nonlinear  drain  resistance  in  bias- 
stressed  InAIAs/InGaAs  HEMTs 

T.  Suemitsu,  H.  Yokoyama  and  Y.  Ishii 

A  study  of  the  degradation  of  drain  current  under  bias  and 
temperature  stress  is  presented  for  I nP- based  InAIAs/InGaAs 
HEMTs.  Nonlinear  drain  resistance  has  been  found  to  play  an 
important  rob  in  the  degradation.  The  decrease  in  the  drain 
current  is  caused  by  the  rapid  increase  in  the  drain  resistance.  The 
result  suggests  that  the  carrier  density,  which  is  originally 
sufficient  to  keep  the  resistance  low  and  linear,  decreases  in  the 
drain  ohmic  region. 

InP-based  high  electron  mobility  transistors  (HEMTs)  arc  the 
most  promising  devices  for  high-speed  applications  such  as  optical 
communication  systems  and  high-frequency  ICs.  In  state-of-the- 
art  technology  a  current  gain  cutoff  frequency  of  350GHz  with  a 
gate  length  of  30nm  has  been  achieved  [1],  Long-term  reliability  is 
an  important  issue  for  device  application.  The  decrease  in  the 
drain  current  (4)  is  one  of  the  major  problems  with  respect  to  reli¬ 
ability  [2].  Although  a  positive  shift  in  the  threshold  voltage  (F?/,) 
decreases  Ith  a  decrease  in  4  is  also  observed  in  HEMTs  wiLhout  a 
shift  in  Vlh  [2].  The  increase  in  the  drain  resistance  is  a  common 
failure  mode  observed  in  InP-based  HEMTs  [2  -  4].  However,  a 
simple  change  in  the  drain  resistance  does  not  significantly  affect 
4  when  the  FIEMT  is  operated  in  the  saturation  region.  No 
detailed  model  has  been  reported  for  tins  degradation. 
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Low  resistance  Ti/Pt/Au  ohmic  contacts  to  p- type  GaN 

L.  Zhou,®)  W.  Lanford,  A.  T,  Ping,  and  I.  Adesida 
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University  of  Illinois ,  Urbana,  Illinois  61801 

J,  W,  Yang  and  A.  Khan 

Department  of  Electrical  and  Computer  Engineering ,  University  of  South  Carolina,  Columbia, 

South  Carolina  29208 
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Electrical  properties  of  Ti  (15  nm)/Pt  (50  nm)/Au  (80  nm)  contacts  on  moderately  doped  p-GaN 
(Na  =  3.0X  1017cm“3)  are  reported.  Linear  current- voltage  characteristics  were  observed  after 
annealing  the  contacts  for  1  min  at  temperatures  above  700  °C.  The  best  ohmic  contacts  were 
obtained  after  annealing  in  a  N2  ambient  at  800  °C  for  2  min.  These  contacts  exhibited  a  specific 
contact  resistance  Rc  of  4,2X10~5Ocm2  and  contact  resistivity  pc  of  21  flmm.  Possible 
mechanisms  for  the  lower  contact  resistivity  of  Ti/Pt/Au  contacts  are  discussed.  The  processing  for 
the  Ti/Pt/Au  ohmic  contacts  is  compatible  with  routine  fabrication  steps  for  GaN  devices.  ©  2000 
American  Institute  of  Physics.  [80003-6951(00)03723-2] 


The  realization  of  excellent  ohmic  contacts  on  p- type 
gallium  nitride  (GaN)  remains  a  key  hurdle  In  the  develop¬ 
ment  of  optoelectronic  devices  based  on  this  material  system. 
Obtaining  low  resistance  ohmic  contacts  for  the  p-type  GaN 
has  been  an  enormous  challenge  due  to  a  large  3.4  eV  band 
gap,  a  deep  acceptor  level  of  215  meV  for  the  commonly 
used  Mg  dopant,  and  the  difficulty  of  obtaining  dopant  levels 
as  high  as  1018  cm~3, 1  Metal-semiconductor  interface  stud¬ 
ies  have  revealed  that  surface  contamination  is  directly  cor¬ 
related  with  increased  metal -semiconductor  barrier  heights 
for  metal  contacts  on  p-GaN.2,3  These  studies  provide  strong 
evidence  that  the  Fermi  level  is  not  pinned  at  the  metal/p- 
GaN  interface  as  previously  believed.4  Unfortunately,  at¬ 
tempts  at  using  metals  with  high  work  functions  to  reduce 
contact  resistances  on  p-GaN  have  not  been  very  successful. 
So  far,  only  two  ohmic  metallization  processes  have  been 
reported  on  moderately  doped  p- GaN  that  have  achieved 
specific  contact  resistances  Rc  less  than  1CT4  O  cm2,5*6  One 
of  these  methods  uses  Ta/Ti  bilayer  contacts  and  requires  a 
postdeposition  anneal  of  20  min  at  800  °C  to  achieve  Rc 
-3  X  10~5  fl  cm2  on  p-GaN  doped  at  7X10ncm~3.  How¬ 
ever,  this  contact  is  unstable  In  air,5,7  Another  low-resistance 
contact  scheme,  which  is  capable  of  achieving  a  Rc  as  low  as 
4X10“6Ocm2,  requires  deliberate  oxidation  of  the  Ni/Au 
contacts  at  500  °C  for  10  min  6,8,9  In  both  cases,  the  reduction 
of  the  contact  resistance  were  attributed  to  reactivation  of  the 
Mg  dopant  by  disrupting  the  bonding  in  the  Mg-H  com¬ 
plexes. 

In  this  letter,  we  report  low-resistance  ohmic  contacts 
achieved  using  Ti/Pt/Au  metallizations  on  p-GaN,  A  thin 
(  15  nm)  layer  of  Ti  was  first  deposited  on  p-GaN.  Titanium 
was  selected  because  it  has  proven  effective  in  reducing  sur¬ 
face  contaminations  when  incorporated  in  ohmic  contacts  on 
n-type  GaN.10,11  The  second,  thicker  layer  is  Pt,  chosen  pri¬ 
marily  for  its  high  work  function  (5.65  eV).  Finally,  a  thick 
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Au  capping  layer  was  used  to  protect  the  metallization  dur¬ 
ing  subsequent  processing,  Ti/Pt/Au  ohmic  contacts  have 
been  studied  before  for  other  compound  semiconductors, 
such  as  n- type  GaAs  and  p-type  InGaP.12,13  Ti/Pt/Au  were 
also  candidates  for  thermally  stable  contacts  on  degenerately 
doped  «-type  InN  and  IiijGaj  _*N. 14,15  To  our  knowledge, 
there  is  no  published  study  on  the  use  of  Ti/Pt/Au  as  p-GaN 
ohmic  contact  metallization. 

The  p-GaN  film  used  in  this  study  was  grown  by  metal- 
organic  chemical  vapor  deposition  on  sapphire  substrates. 
An  undoped  GaN  layer  with  a  thickness  of  3  pm  was  grown, 
followed  by  the  growth  of  0.3  pm  thick  p- type  GaN  doped 
with  Mg,  A  dopant  activation  anneal  was  carried  out  at 
800  °C  for  1  min.  A  bulk  carrier  concentration  of  —2.5 
X  1017cm“3  and  a  mobility  of  9  cm2  V”1  s-1  were  obtained 
from  room  temperature  Hall  measurements.  Contact  resis¬ 
tances  were  determined  using  the  linear  transfer  length 
method  (TLM).  The  active  regions  used  for  the  TLM  mea¬ 
surements  were  defined  by  reactive  Ion  etching.  Rectangular 
pads  were  then  patterned  on  these  electrically  isolated  mesas. 
Prior  to  metal  evaporation,  the  surfaces  were  cleaned  in  02 
plasma,  followed  by  dips  in  a  dilute  HC1:H20(1 :2)  solution 
and  blown  dry  in  N2,  Electron  beam  evaporation  was  used  to 
deposit  Ti  (15  nm)  and  Pt  (50  nm),  while  thermal  evapora¬ 
tion  was  used  to  deposit  the  Au  (80  nm)  capping  layer.  Post- 
deposition  heat  treatment  was  carried  out  while  flowing  N2  at 
1  atm  in  a  rapid  thermal  annealing  system.  The  current- 
voltage  (/—  V)  and  TLM  characteristics  of  the  contacts  were 
measured  using  a  four-probe  arrangement  at  room  tempera¬ 
ture,  For  accurate  Rc  determination,  actual  pad  spacings 
were  determined  using  scanning  electron  microscopy  after 
pad  fabrication. 

Figure  1  illustrates  the  /-  V  characteristics  of  the  as- 
deposited  and  the  heat-treated  contacts,  measured  between 
ohmic  pads  with  a  spacing  of  3  pm.  The  contacts  are  recti¬ 
fying  as  deposited,  and  remain  rectifying  after  annealing  at 
500  or  600  °C  for  1  min.  The  linearity  of  the  I-  V  curves 
Improved,  however,  with  higher  annealing  temperatures.  The 
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FIG,  1 .  The  /-  V  characteristics  of  Ti/Pt/Au  contacts  on  _p-GaN  before  and 
after  heat  treatments,  measured  over  ohmic  pads  with  a  spacing  of  3  fim. 

I-  V  characteristics  become  linear  after  annealing  at  800  °C, 
the  highest  temperature  used  in  this  study.  Annealing  for  2 
min  at  800  °C  showed  further  but  slight  improvement  of  the 
/-  V  characteristics,  A  total  resistance  R  T  versus  pad  spacing 
plot  is  shown  in  Fig.  2.  The  slope  of  RT  versus  pad  spacing 
decreased  slightly  with  increasing  annealing  temperature  un¬ 
til  700  °C,  then  there  is  an  abrupt  reduction  in  slope  from  700 
to  800  °C.  This  reduction  corresponds  to  a  factor  of  3  de¬ 
crease  in  the  semiconductor  sheet  resistance  Rs ,  which 
translates  to  an  increase  in  the  hole  concentration  by  a  simi¬ 
lar  factor.  The  lowest  Rc  and  contact  resistance  pc  obtained 
are  4.2X  10~5  O  cm2  and  21  O  mm,  respectively,  for  con¬ 
tacts  annealed  at  800  °C  for  2  min. 

It  is  widely  believed  that  Ti  reacts  with  GaN  to  form  TiN 
during  heat  treatment  in  the  Ti/Al  contact  for  s-GaN.  1,16 
This  reaction  creates  a  thin  region  rich  in  N  vacancies  and 
becomes,  in  effect,  a  heavily  doped  n- type  region.  Ti/Al  con¬ 
tact  resistance  is  therefore  reduced  through  enhanced  tunnel¬ 
ing,  Such  a  view  has,  however,  been  called  into  question  in 
several  recent  studies.10,17  In  any  case,  if  Ti  indeed  induces  a 
high  concentration  of  N  vacancies  in  the  p-GaN  samples, 
then  the  p-type  doping  will  consequently  be  heavily  compen¬ 
sated,  and  may  even  lead  to  the  formation  of  p-n  junctions. 
This  would  result  in  worse  ohmic  characteristics  for  Ti/Pt/Au 
contacts  compared  to  that  of  Pt  or  Pt/Au  contacts.  The  fact 
that  Ti/Pt/Au  contacts  are  considerably  better  than  either  Pt 
or  Pt/Au  contacts  reported  by  other  workers4,1 8  suggest  that  a 
significant  generation  of  N  vacancies  did  not  occur  during 
this  process.  Kim  et  ah  have  recently  demonstrated  a  Rc 
=  1,4X  l(T4f!  cm2  using  a  Pt  monolayer  contact  after  a 
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FIG.  3.  (a)  AES  depth  profile  for  the  as-deposited  Ti(15  nm)/Pt  (50  nm)/Au 
(80  nm}  contact,  (b)  AES  depth  profile  after  the  contaet  was  annealed  at 
800  °C  for  2  min. 

boiling  aqua  regia  surface  treatment  on  p -GaN. 19  Their  re¬ 
sult  suggests  that  the  surface  contamination  or  oxide  layer 
was  indeed  responsible  for  the  high  resistivities  of  earlier  Pt 
contacts.  This  result  indirectly  supports  the  view  that  Ti  used 
in  the  present  work  is  also  quite  effective  in  either  reducing 
or  gettering  surface  oxides  on  p-  GaN. 

In  their  study  of  Ta/Ti  contacts  to  p-GaN,6,7  Suzuki 
et  ah  selected  Ti  and  Ta  because  those  metals  have  lower 
hydride  formation  enthalpies  compared  to  that  of  Mg.  A  fac¬ 
tor  of  2—3  increase  in  hole  concentration  was  measured  when 
the  contacts  were  annealed  at  800  °C,  numerically  very  close 
to  our  findings  as  discussed  earlier.  Therefore,  some  other 
resistance-reducing  mechanisms  may  be  operating  during 
800  °C  anneals.  As  well  as  having  the  highest  work  function 
of  all  metals,  Pt  also  strongly  absorbs  hydrogen.20  One  ex¬ 
planation  for  the  aforementioned  Rs  reduction  is  that  Pt 
came  into  contact  with  GaN  after  annealing  at  800  °C.  Figure 
3(a)  shows  the  Auger  electron  spectroscopy  (AES)  depth 
profile  of  as-deposited  metals,  and  Fig,  3(b)  shows  that  sig¬ 
nificant  mixing  have  occurred  for  both  Ti  and  Pt  with  GaN 
after  annealing  for  2  min  at  800  °C,  However,  depth  profile 
results  (not  shown  here)  also  reveal  that  Pt  diffused  into  GaN 
at  annealing  temperatures  as  low  as  500  °C,  because  the  Ti 
layer  used  in  this  study  was  very  thin  (15  nm).  Therefore,  the 
contact  of  Pt  with  p-GaN  should  be  ruled  out  as  the  direct 
cause  for  the  abrupt  reduction  of  Rs  at  800  °C.  Further  ex¬ 
periments  are  needed  to  ascertain  the  exact  mechanism(s). 

In  summary,  the  Ti/Pt/Au  metallization  scheme  has  dem¬ 
onstrated  a  Rc  as  low  as  4.2 X  10“5  O  cm2  on  moderately 
doped  p-type  GaN,  and  consistently  outperforms  the  conven¬ 
tional  Ni/Au  contacts  on  p-GaN,  The  process  used  in  obtain¬ 
ing  this  low  contact  resistance  is  compatible  with  routine 


FIG.  2.  Plot  of  the  measured  total  resistance  against  the  contact  pad  spacing 
for  Ti/Pt/Au  contacts.  The  dotted  lines  are  least  square  linear  fits  to  the 
different  data  sets.  Unless  otherwise  stated,  all  anneals  were  carried  out  for 


device  fabrication  steps.  No  annealing  in  oxygen  or  aqua 
regia  preclean  is  required.  This  demonstrates  that  Ti  is  effec¬ 
tive  in  neutralizing  the  effects  of  contamination/oxide  layer 


1  nm-  on  the  p-GaN  surface.  An  abrupt  decrease  in  Rs  is  observed 
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when  annealing  at  800  °C.  The  precise  mechanism  for  this 
improvement  is  unclear,  although  it  may  be  related  to  the 
reactivation  of  Mg  dopants,  out  diffusion  of  hydrogen,  and 
retention  of  hydrogen  in  the  Pt  layer. 

This  work  was  supported  at  the  University  of  Illinois  by 
DARPA  Grant  No.  DAAD 19-99- 1-00 11  and  at  the  Univer¬ 
sity  of  South  Carolina  by  BMDO. 
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The  LBR  of  musk  biasing  isolated  lines  was  also  investigated 
using  NEB22.  By  controlling  the  exposure  dose,  lOOmu  isolated 
lines  with  the  designed  widths  of  40-120mn  were  delineated. 
Fig,  2  shows  the  SBM  photographs  of  the  mask  biased  lines,  llic 
larger  biased  pattern  with  the  smaller  designed  width  shows 
smoother  fine  edges.  Hg.  3  shows  the  LER  of  the  lOOnm  isolated 
line  with  mask  biasing  against  I/slope  of  the  beam  profiles  calcu¬ 
lated  for  the  mask  biasing  isolated  lines.  The  team  profiles  and 
the  slope  are  defined  by  the  following  equations; 


errt-y/xJa  \  4rr,  / 


ulapefari.)  =  %  (2) 

^  * '  f~thvC&hcild  ievet 

where  W%  and  D  represent  the  beam  blur,  the  designed  width 
and  a  standardised  exposure  dose,  respectively,  Hie  narrower 
designed  width  caused  the  steeper  slope.  The  results  indicate  that  a 
smaller  LER  is  derived  from  a  steeper  slope,  which  implies  that 
reducing  the  beam  blur  results  in  a  decrease  in  LER  because  the 
slope  increases  with  decreasing  team  blur.  That  is,  the  RL  is 
determined  by  the  team  blur  because  die  RL  is  proportional  to 
the  LER,  as  shown  in  big.  1. 


Fig.  3  Line  edge  roughness  o  f  the  lOOnm  Isolated  tine  with  mask  biasing 
against  i /slope  of  beam  profile 


Fig.  4  Schematic  diagram  of  beam  profile 


To  delineate  a  narrower  pattern  with  a  certain  beam  profile,  the 
exposure  dose  woxtld  have  to  be  decreased  to  locate  the  threshold 
level  at  the  upper  part  of  the  beam  profile,  which  tins  a  smaller 


width.  However,  the  LER  becomes  larger  owing  to  the  smaller 
slope  at  the  upper  part  of  the  beam  profile,  and  the  pattern  is 
unresolved  (see  Tig.  4), 

The  actual  mechanism  that  determines  the  RL  in  ER  lithogra¬ 
phy  has  been  identified  experimentally,  which  demonstrates  that 
the  RL  depends  on  beam  blur,  A  smaller  beam  blur  causes  a 
steeper  slope,  which  results  in  a  smaller  LER  and  a  higher  RL. 
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71/Pt/Au  ohmic  contacts  on  p-type  GaN/ 
AI^Ga^N  superlattices 

I..  Zhou,  A.T.  Ping,  F,  Khan,  A.  Osinsky  and 
I.  Adesida 

The  electrical  eteraeterislics  of  Tf/Pt/Au  contacts  on  /My pe  GaN/ 
AlrGal  vN  (x  -  0.10  and  0,20)  superlaniees  (SL)  have  been 
investigated  Current-voltage  and  specific  contact  resistance 
measurements  indicate  enhanced  /Hype  doping  in  the  stiperialltee 
structures  compared  to  that  in  GaN.  Tr/Pi/Au  is  demonstrated  to 
he  an  effective  ohmic  mcUdlisaibn  scheme  for  CraN/ALGa^N 
superlmtiecs.  A  bw  sprite  contact  resistance  of  4.6  X  I0  }  Ocm2 
is  reported  for  unalloyed  Ti/Pt/Au  on  an  CihN/AIs.2G%rN  SL, 

Low  resistance  ohmic  contacts  are  essential  for  improving  the  elec¬ 
trical  and  optical  performance  of  devices  based  on  CaN-tesed 
materials.  For  /i-type  GaN,  metallisation  schemes  in  which  Ti  Is 
used  have  been  very  successful  in  lowering  the  specific  contact 
resistance  (IQ  to  less  than  10'512cnE  [i  -  3].  On  the  other  hand, 
owing  to  the  wide  bandgap  and  the  relatively  deep  acceptor  level 
of  the  commonly  used  Nig  dopant,  them  has  teen  great  difficulty 
in  finding  ohmic  contacts  with  Rr<W  Qcm1  for  //-GaN  [4],  1b 
date,  there  are  only  three  ohmic  metallisation  and  processing 
schemes  for  p-CIaN  that  have  yielded  Rv  <  lO  *Ocm\  In  one  of 
these  methods  a  post-metallisation  anneal  of  lOmin  at  800°C  is 
required  [5],  while  in  another  a  boiling  aqua  regia  surface  treat¬ 
ment  is  required  prior  to  melal  deposition  [6,  ?].  The  third  method 
involves  deliberate  oxidation  of  the  metallisation  at  500*0  for 
lOmin  [H],  To  make  the  metallisation  process  more  compatible 
with  device  processing,  it  is  desirable  to  find  a  low-resistance 
ohmic  contact  for  //-GaN  which  requires  less  aggressive  chemical 
treatments  and  relaxed  annealing  conditions. 

As  originally  proposed  by  Schubert  ct  al  [9],  the  overall  hole 
concentration  in  a  p- type  semiconductor  can  be  increased  through 
the  generation  of  valence  band  edge  oscillations  in  a  superlaUiee, 
This  technique  improves  the  activation  efficiency  of  deep  acceptors 
by  allowing  them  to  ionise  when  tunnelling  occurs  from  the  larger 
bandgap  material  into  the  adjacent  material  with  a  narrower 
handgap.  Indeed,  significantly  enhanced  //-type  doping  efficiency 
in  GnN/AlxGai„vN  short-period  supcrlattices  (SLs)  has  been 
re  ported  recently  [10,  ]  t  j.  In  tins  Letter,  wc  demonstrate  excellent 
ohmic  contacts  on  GaN/AIxGa,..vN  SL  with  a  Ti/Pt/Au  metallisa¬ 
tion  scheme  which  does  not  require  any  aggressive  surface  treat¬ 
ment  and  post-metallisation  anneal.  The  results  are  compared  to 
those  obtained  from  the  same  metallisation  on  //-GaN, 

The  superin  nice  layers  used  in  tin's  study  were  grown  by  MRR 
on  sapphire  and  consisted  of  20  periods  each  of  Mg-doped  GaN 
(lOnin)  and  AlvGaj  VN  (lOnm),  Samples  with  two  different  alu¬ 
minium  concentrations,  „v  sr  o.l  and  0,2,  were  investigated.  Both 
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samples  exhibited  a  mobility  of  HcuFVAs-5  from  room  tempera¬ 
ture  Hall  measurements.  The  reference  /J-GaN  layer  used  in  this 
study  hud  a  0,3  pm  doped  layer  with  a  nominal  bulk  carrier  con¬ 
centration  of  2.5  x  I0ncm  3  and  a  mobility  of  GenFY^a  1  m 
obtained  from  Hall  measurements  at  room  temperature,  Contact 
resistances  were  determined  using  the  linear  transfer  length 
method  (TLM),  The  structures  used  for  the  TLM  measurements 
were  fabricated  by  first  patterning  the  p-GaN  and  SL  samples 
with  100  x  6 50 pm1  mesas,  rJ’hc  pattern  was  Ihcn  transferred  into 
the  sample  using  reactive  ion  etching*  which  electrically  isolated 
the  mesas.  Rectangular  pads  were  then  patterned.  Prior  to  trans¬ 
ferring  the  samples  into  the  evaporation  chamber,  the  surfaces 
were  cleaned  in  d2  plasma,  followed  by  dips  in  a  dilute  HCkDi 
(1:2)  solution.  Electron  beam  evaporation  was  used  to  deposit  11 
(I5mn)  and  Pt  (5Gnm),  while  Au  (80 am)  was  thermally  evapo¬ 
rated  as  the  last  capping  layer.  The  contact  characteristics  were 
studied  using  current-voltage  (f-V)  and  four-probe  linear  TLM 
techniques  at  room  temperature.  For  accurate  specific  contact 
resistance  determination,  actual  pad  spacing?  were  determined 
using  scanning  electron  microscopy  (SEM)  after  metal  lift-off. 


Fig.  I  Citrrmi-mhagc  characteristics  of  m-tkposUed  Ti/Pt/Au  cm  tacts 
on  p-type  GaN  and  Ga  N/A  IJda  ijcN  super  la  u  ices  (x  -*  0,1  and  0.2) 


U  p-ClaN 

•  AI^Ga^N/GaN-St 
O  Al&sGa&gN/GaN-SL 


big.  1  shows  the  current-voltage  characteristics  of  as-deposited 
Ti/Pt/Au  contacts  on  all  three  samples.  The  as-deposited  contact  is 
rectifying  on  the  reference  p-type  GaN.  In  contrast,  owing  to  the 
enhanced  doping  efficiencies,  the  T-V  curves  Tor  GaN/AivGaK¥N 
SL  exhibit  better  linearity.  Fig,  1  also  reveals  that  tire  sample  with 
a  higher  aluminium  mole  fraction  (x  =  0,2)  was  more  ohmic  in  its 
TV  characteristics.  This  is  consistent  with  a  calculated  carrier  con¬ 
centration  of  3  x  lQlscm  3  for  the  SL  (x  =  0,1)  compared  with  5  x 
I0,8crrr3  for  the  other  (jr  =  0.2).  An  additional  mechanism  in  sup¬ 
port  of  this  observation  is  that  the  total  polarisation  charge  should 
be  higher  in  die  SL  with  x  ~  0,2  [10], 


Table  I:  Summary  of  results  of  as-deposited  Ti/Pt/An  contacts  on 
/Hype  GaN  and  GaN/AlvGai  VN  snpcrlattices  (x  =  0,1 
and  0,2) 


Semiconductor  layer 
structure 

Contact  resistivity 

Specific  contact 
resistance 

£2  mil 

Qenr 

p-G'dN 

Sehotlky 

SeholLky 

GaN/AI,, jGa^N  SL 

71,9 

6.6  x  10-» 

GaN/AlftjGao<9ISr  SL 

4(1,7 

4.6  x  10 -1 

regression  lines  were  used  to  extrapolate  the  data  to  the  y-axis. 
The  slope  of  the  regression  line  is  a  measure  of  the  sheet  resistance 
of  the  semiconductor.  Tt  is  dear  that  the  SL  with  ,v  =  0,2  has  a 
smaller  slope  and  therefore  a  lower  sheet  resistance,  again  due  to 
Hie  increased  carrier  concentration  owing  to  its  higher  A1  mole 
fraction,  pr  and  Re  values  am  be  extracted  from  the  slope  of  the 
line,  x-  and  y-mtereepts  and  the  pad  width.  These  results  are  sum¬ 
marised  in  Table  L  Hoi-  contacts  on  semiconductors  with  NA  > 
IGl?cm  '3,  the  tunnelling  process  wall  dominate.  In  this  case,  Rt,  « 
expM^V)  An\  where  m  is  a  parameter  related  to  the  contact  bar¬ 
rier  height  and  hole  effective  mass*  and  NAt  which  is  the  effective 
earner  concentration.  It  is  clem*  from  this  relationship  that  R,  will 
be  lower  for  the  SL  with  *  =  0.2,  and  the  Rc  of  both  SL  should  be 
much  lower  than  that  of  the  p-GaN,  which  is  consistent  with  the 
results  shown  in  Fig.  land  Table  1. 


•  ■  •  •  least-squares  linear  regression  lines  tilled  to  di  he  rent  data  sets 

•  AlolGaogN/GaN-SI. 

O  Alfi;2GaraH/GaN-SL 


There  are  a  number  of  reasons  for  adopting  Ti/Pt/Au  metallisa¬ 
tion  for  this  study.  According  to  the  Scholtky-Mott  model  of 
metal-semiconductor  contacts,  the  metal-semiconductor  harrier 
height  %  is  related  to  the  work  function  of  the  metal  and  the 
elect  ran  affinity  of  a  /Mype  semiconductor  y,  by  fa  -  (xs  +  E^)  - 
if  there  is  no  Fermi  level  pinning  at  the  M-S  interface.  There¬ 
fore  to  reduce  the  barrier  height,  choosing  metals  with  high  work 
functions  is  almost  inevitable.  Pt,  with  a  fa  of  5,65eV(  has  the 
highest  work  function  of  all  metals  and  is  chemically  stable,  J  low- 
cver,  experiments  have  shown  that  Pt  alone  suffers  from  floor 
adhesion  on  GaN  and,  therefore,  a  thin  Ti  layer  is  used  to 
improve  adhesion  as  well  as  getter  surface  contamination  or 
oxides.  The  excellent  ohmic  contacts  obtained  here  for  Ti/IVAu 
shows  that  li  has  been  effective  in  these  roles.  Investigations  arc 
now  being  initiated  to  determine  the  effectiveness  and  stability  of 
Ti/Pt/Au  contacts  on  p- type  GaN  and  Af.Ga,  VN  alloys  after  heat 
treatments. 

In  conclusion,  we  have  presented  ike  electrical  characteristics  of 
Ti/Pt/Au  contacts  on  p-type  GaN/AlA.GaKvN  superlattices.  The 
results  indicate  that  an  effective  Increase  in  carrier  concentration 
can  he  obtained  by  using  superlattice  structures.  The  Ti/Pl/Au 
scheme  has  been  demonstrated  to  be  an  effective  ohmic  metallisa¬ 
tion  scheme  for  GaN/Al*GaUvN  supcrlattlee.%  in  which  a  specific 
contact  resistance  of  4.6  x  10  4  Hem2  Ims  been  obtained  for  a 
GaN/A!0  2G%sN  superlative  without  any  beat  treatment. 


The  contact  resistivity  (p{.)  and  specific  contact  resistance  (i?£.) 
were  calculated  from  the  measured  resistance  against  contact  pad 
spacing  data  using  the  linear  TLM  method.  Fig,  2  shows  the  data 
of  the  measured  resistance  against  pad  distance  for  the  as-depos¬ 
ited  Ti/Pt/Au  contacts  on  the  two  SL  samples.  Least-squares  linear 
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Ultrafast  coherent  all-optical  switching  in 
quantum-well  semiconductor  microcavity 

C,  Dc  Matos,  M.  Puginct  and  A*  Le  Corre 

Picosecond  degenerate  four-wave  mixing  experiments  at  room 
temperature  in  a  GuInAs-GnfnAsP  multiple  quantum  well 
embedded  in  a  microeavily  am  presented ,  An  input  diffraction 
dtieiency  of  2%  with  only  lplfcnr  pump  fluents  is  achieved.  The 
authors  show  that  the  diffraction  phenomenon  is  ultrafast  and 
coherent.  For  a  photon  energy  30meV  below  the  exciton  band 
etlge  and  for  low  pump  intensities  (lpf/em2),  the  diffraction 
phenomenon  is  not  perturbed  by  strong  ami  spatially  uniform 
pump  pulse  pre-illumination.  This  remit  demonstrates  the 
potential  of  semiconductor  micpocavitics  for  the  realisation  of 
ultra  fast,  sensitive  and  coherent  devices. 

introduction:  Nonlinear  semiconductor  materials  coupled  to 
Fahry-Perol  (FP)  mierounviiies  arc  promising  devices  for  the 
implementation  of  ultrafasl  tmd  sensitive  two-dimensional  optical 
information  processing  systems  such  as  optical  spatial  reconfigure- 
hie  interconnections  and  coherent  optical  gale  or  optical  time 
demultiplexing.  Future  telecommunication  networks  will  require 
devices  with  a  response  time  in  the  suhpieosccond  range.  A  com¬ 
mon  means  of  obtaining  fast  semiconductor  components  is  to 
modulate  the  dielectric  function  by  exploiting  the  presence  of  free 
photogenerated  carriers  which  have  a  short  lifetime  [1,  2|.  How¬ 
ever,  these  structures  require  a  relatively  high  free-carrier  density 
and  so  the  high-hit-rate  processing  is  limited  by  thermal  problems 
{3}.  One  way  of  avoiding  such  problems  woukl  be  to  use  n on-dissi¬ 
pative  physical  effects,  which  although  weak  can  be  enhanced 


using  microeaviiies  [4,  5],  Recently,  degenerate  four-wave  mixing 
(DFWM)  experiments  on  a  multiple  quantum-well  (MQW)  struc¬ 
ture  enclosed  in  an  FP  microcavity  have  demonstrated  that  coher¬ 
ent  effects  at  room  temperature  via  virtual  third-order 
nonlinearities  can  induce  diffraction  phenomena  [5[. 

Sample  and  experiment;  The  MQW  sample  was  grown  by  gas 
source  molecular  beam  epitaxy  on  an  /j-type  InP  substrate.  ‘Hie 
MQW  consisted  of  50  period*  of  6,7  mn  Gain  As  wells  and  Ram 
GalnAsP  barriers,  presenting  an  exdfonie  absorption  peak  at  a 
wavelength  of  1,56pm,  To  process  Ihe  cavity,  we  decided  against 
using  semiconductor  Bragg  reflectors  because  the  index  difference 
between  the  available  materials  in  the  in?  family  is  too  weak.  To 
process  the  cavity,  we  opted  instead  for  the  epitaxial  lift-off  tech¬ 
nique.  The  epitaxial  layers  were  bonded  on  a  gold  layer  10  realise 
a  back  mirror  (R  —  105%)  and  a  dielectric  Bragg  reflector  com¬ 
posed  of  four  stacks  of  e-beam  TiQ2/SiOi  layers  was  deposited  on 
lop  of  the  structure,  to  realise  the  front  mirror  with  a  reflectivity 
adjusted  to  80%  around  1.55pm  [6], 


Fig.  t  Diffraction  efficiency  rate  against  pump  (P)  energy  density 

For  low  pump  energies,  diffraction  phenomenon  whs  not  affected  by 
pump  pulse  pre-illumination 
-  -  *  guide  to  eyes 
BS:  beam  splitter 


DFWM  experiments  using  an  optical  parametric  oscillator  with 
a  pulse  duration  of  15ps  were  performed  on  the  sample  described 
above.  The  laser  beam  mis  first  split  into  two  pulses  (P  and  S), 
with  respective  intensities  of  iP  -  10/v.  Beam  S  was  then  split 
again  into  two  new  beams  (S,  and  S2),  with  nearly  equal  intensi¬ 
ties,  and  focused  on  the  sample  with  a  40em  focal  length  lens.  Hie 
wave  vectors  of  the  two  S  beams  were,  respectively,  kt  and  k-.  and 
formed  an  angle  of  0.05  rad.  The  diffraeicd  signal  was  detected  in 
the  direction  ki?  -  2lq  -  k2  with  a  slow  Ge  detector.  The  pump 
beam  (P)  was  focused  in  the  same  manner  as  the  S  beams  and  in 
the  same  direction  as  S2  (It)  but  arrived  at  the  sample  30  ps  before 
the  S  pulses.  We  were  thus  able  to  study  the  behaviour  of  the 
device  when  a  spatial  uniform  pump  pulse  arrived  before  the 
switching  operation  and  could  therefore  simulate  ultniliigh-hit-mtc 
processing,  for  example  the  influence  of  the  photogencrated  free 
carriers  on  the  diffraction  phenomena.  The  wavelength  of  the 
three  beams  was  maintained  during  the  experiment  at  1 ,62pm, 
corresponding  to  an  incident  photon  energy  30meV  below  the 
exeitonic  bandgap. 


Result.1:  and dmusmm;  The  DFWM  signal  obtained  with  and  with¬ 
out  pump  pulse  (P)  for  different  fluences  is  shown  in  Fig.  1,  The 
pump  pulse  arrives  30p  before  the  S  pulses.  The  diffraction  effi¬ 
ciency  rate  shown  in  Mg,  1  is  defined  as  the  ratio  of  ihe  diffracted 
signal  with  the  pump  pulse  to  the  diffracted  signal  without  the 
pump  pulse.  For  a  pump  licence  of  500pJ/cm2,  the  diffraction  effi¬ 
ciency  is  reduced  strongly  and  only  20%  is  maintained.  This  effect 
can  be  easily  understood  in  terms  of  free-earrier  occupation 
regime  (FCO).  Indeed,  at  these  fiuences,  the  diffraction  phenome¬ 
non  occurs  due  to  the  spatial  modulation  of  the  dielectric  function 
via  the  spatial  modulation  of  the  free-earrier  density,  fn  this  case, 
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In  this  article,  we  report  a  comprehensive  study  on  plasma-induced  damage  for  «-GaN  using 
inductively  coupled  plasma  (ICP)  reactive  ion  etching.  Effect  of  ICP  coil  power,  etch  duration  and 
bias  voltage  on  the  electrical  characteristics  of  n-GaN  was  investigated.  It  was  observed  that 
variation  in  ICP  coil  power  and  etch  duration  had  minimal  effect  on  varying  the  plasma-induced 
surface  damage.  Bias  voltage  was  found  to  be  the  most  significant  cause  of  variation  in 
plasma-induced  damage  to  the  surface  of  n-G aN.  Therefore,  low  surface  damage  can  be  achieved  by 
optimizing  the  bias  voltage  at  which  the  sample  is  being  etched.  Auger  electron  spectroscopy 
analysis  showed  that  the  stoichiometry  of  the  etched  GaN  surfaces  was  identical,  independent  of  the 
etching  conditions.  ©  2001  American  Vacuum  Society.  [DOI:  10.1116/1.1418415] 


I.  INTRODUCTION 

GaN  is  an  excellent  material  for  fabricating  novel  devices 
which  are  capable  of  operating  under  extreme  conditions. 
Some  examples  of  GaN-based  devices  include,  heterojunc¬ 
tion  bipolar  transistors,  high  electron  mobility  transistors  and 
thyristors  for  high  temperature  and  high  power  applications. 
Due  to  GaN?s  inert  chemical  nature  and  high  bond  energies, 
it  is  resistant  to  most  wet  chemical  etchants,  making  device 
patterning  mostly  dependent  on  dry  etching.  A  number  of  dry 
etching  techniques  and  plasma  chemistries  have  been  re¬ 
ported  for  etching  a  wide  range  of  GaN-based  materials.1-14 
Etch  chemistries  have  been  largely  based  on  Cl2  mixtures 
while  techniques  used  include  chemically  assisted  ion  beam 
etching,1-3  reactive  ion  etching  (RIE),4-7  electron-cyclotron- 
resonance  reactive  ion  etching,8-10  magnetron  reactive  ion 
etching11  and  inductively  coupled  plasma  reactive  ion  etch¬ 
ing  (ICP-RIE). 12-14  However,  to  date,  there  has  been  a  pau¬ 
city  of  work  on  the  systematic  characterization  of  ICP-RIE 
plasma-induced  damage  on  GaN  surfaces.  Some  of  the  most 
recent  studies  have  claimed  that  even  short  ICP-RIE  plasma 
exposures  4  s)  can  have  drastic  effects  on  the  electrical 
characteristics  of  the  surface  of  n-GaN.15-17  Therefore,  it  is 
essential  to  find  plasma  conditions  that  produce  low  surface 
damage  in  order  to  tailor  etching  processes  for  optoelectronic 
and  power  electronic  devices  based  on  GaN. 

In  this  article,  we  present  our  work  on  systematically 
studying  ICP-RIE  plasma-induced  damage  on  the  surface  of 
n-G  aN  using  Cl2/Ar  gas  chemistry.  Effects  of  ICP  coil 
power,  etch  duration  and  bias  voltage  on  the  barrier  height, 
<f>b ,  ideality  constant,  n,  reverse  breakdown  voltage,  Vb ,  and 
forward  turn  on  voltage,  Vy%  were  extensively  investigated. 

II.  EXPERIMENT 

A  Plasma-Therm  Shuttlelock  700  ICP-RIE  system  was 
used  to  study  the  effects  of  plasma-induced  damage  on  the 
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surface  of  n-GaN.  A  plasma  enhanced  chemical  vapor  depo¬ 
sition  oxide  mask  was  used  for  the  etch  rate  study.  The  oxide 
mask  was  removed  in  buffered  oxide  etch  before  the  etched 
depth  was  measured  using  a  profilometer.  For  the  plasma- 
induced  damage  study,  ohmic  contacts  to  the  n-G  aN  were 
first  formed  by  rapid  thermal  annealing  of  evaporated  Ti/Al/ 
Ti/Au  at  850  °C  for  60  s.  The  samples  were  then  etched  in 
the  ICP-RIE  using  Cl2/Ar  gas  chemistry.  The  etched  samples 
were  rinsed  in  1:1  HC1:H20  solution  before  evaporating 
Ni/Au  Schottky  contacts  on  them.  The  Cl2/Ar  flow  rate  and 
chamber  pressure  were  kept  constant  at  14/6  seem  and  3  mT, 
respectively  for  all  plasma  exposures.  ICP  coil  power  and 
bias  voltage  were  varied  between  100  and  500  W  and  —50  to 
—200  V,  respectively  The  ICP  coil  power  controls  the  dis¬ 
sociation  of  the  plasma  and  the  incident  ion  flux  while  the 
bias  voltage  controls  the  incident  ion  energy.  Diode  charac¬ 
teristics  were  measured  on  a  HP4142B  parameter  analyzer. 
Reverse  breakdown  voltage,  Vb ,  was  defined  as  the  reverse 
voltage  at  which  the  leakage  current  was  10-3  A.  Forward 
turn-on  voltage,  Vyf  was  defined  as  the  voltage  where  the 
tangent  to  the  I-  V  curve  intersected  with  the  voltage  axis. 
C-V  measurements  were  also  performed  using  a  HP4280A 
impedance  analyzer  on  the  Schottky  diodes  to  determine  the 
barrier  height  and  the  epitaxial  doping  concentration.  The 
trends  in  variation  of  barrier  height  obtained  using  I-  V  mea¬ 
surements  were  identical  to  those  obtained  using  C-  V  mea¬ 
surements.  Moreover,  C-V  measurements  also  indicated  that 
Cl2/Ar  etching  conditions  being  investigated  had  very  little 
effect  on  the  charge  density  of  the  etched  n-G aN  samples. 

HI.  RESULTS  AND  DISCUSSION 

Figure  1  shows  the  etch  rate  of  n-GaN  as  a  function  of 
ICP  coil  power  for  different  bias  voltages.  The  etch  rate  was 
found  to  be  dependent  on  both  the  ICP  coil  power  and  the 
bias  voltage,  ICP  coil  power  controls  the  density  of  the  ion¬ 
ized  gaseous  species  in  the  chamber  while  the  bias  voltage 
controls  the  energy  with  which  the  ions  strike  the  substrate. 
The  etch  rate  is  dependent  on  both  the  surface  chemical  re¬ 
actions  to  produce  volatile  species  and  physical  sputtering 
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Fig,  1.  Etch  rate  vs  ICP  coil  power  for  different  de  bias  voltages, 
(Pressure=3  mT;  gas  flow  rate  =  14/6  seem  of  Cl2/Ar.) 
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Fig.  3,  Au/Ni/n-GaN  Schottky  diodes  <j>b ,  nt  Vb,  and  Vf  as  a  function  of 
etch  duration.  (ICP  coil  power=3G0W;  bias  voltage  =  — 100  V, 
pressure=3  mT;  gas  flow  rate=  14/6  seem  of  Cl2/Ar.) 


mechanisms  responsible  for  removing  the  volatile  species 
from  the  surface,  A  downward  shift  in  the  etch  rate  curves 
can  be  attributed  to  either  the  surface  chemical  reactions  or 
physical  sputtering  mechanisms  to  be  the  limiting  step. 

Figure  2  shows  the  variation  in  <f>b  ,  n,  Vbf  and  Vf  as  a 
function  of  ICP  coil  power.  The  bias  voltage  was  kept  con¬ 
stant  at  — 100  V  All  samples  were  etched  for  a  duration  of 
120  s.  The  values  for  <f>b,  n,  ¥b,  and  Vf  for  the  control 
sample  were  848  meV,  1.6,  -7.45  V  and  470  mV,  respec¬ 
tively,  Increasing  the  ICP  coil  power  from  100  to  500  W 
produced  very  little  variation  in  the  values  for  <f>b  ,  «,  Vbf  and 
Vf  in  the  etched  samples. 

Figure  3  shows  the  variation  in  <f>b ,  ny  Vb  and  Vf  as  a 
function  of  etch  duration.  The  ICP  coil  power  and  bias  volt¬ 
age  were  kept  constant  at  300  W,  —100  V,  respectively.  The 
values  for  <pb ,  n}  Vb,  and  Vf  for  the  control  sample  were  905 
meV,  1,61,  -8,78  V  and  480  mV,  respectively.  As  the  etch 
duration  was  increased  from  100  to  400  s,  the  values  for  <f>b , 
Vbi  and  Vf  decreased  from  850  to  830  meV,  -7.4  to  —7.0  V 


and  372  to  326  mV,  respectively.  Therefore,  it  can  be  con¬ 
cluded  that  if  we  take  into  account  experimental  error,  varia¬ 
tion  in  the  etch  duration  for  the  experimental  conditions  be¬ 
ing  studied  produced  very  little  variation  in  the  values  of  <j>b , 
n,  Vb,  and  Vf  in  the  etched  samples.  Therefore,  bias  voltage 
rather  than  plasma  exposure  duration  is  the  significant  cause 
of  plasma-induced  damage. 

Figure  4  shows  the  room  temperature  I~  V  characteristics 
of  Schottky  diodes  formed  on  «-GaN  samples  etched  at  dif¬ 
ferent  bias  voltages.  The  ICP  coil  power  was  kept  constant  at 
300  W,  As  expected,  increasing  the  bias  voltage  increased  the 
plasma-induced  damage  on  the  etched  w-GaN  surfaces.  As 
pointed  out  above,  increasing  the  bias  voltage  increases  the 
energy  with  which  the  ions  bombard  the  surface  of  the  sub¬ 
strate.  Therefore  increasing  the  bias  voltage  would  tend  to 
increase  the  plasma-induced  damage.  Vb  for  the  control 
sample  was  —5.85  V 

Figure  5  plots  the  variation  in  <j>b ,  n ,  Vb  and  Vf  as  a 
function  of  bias  voltage.  The  ICP  coil  power  was  kept  con¬ 
stant  at  300  W.  All  samples  were  etched  to,  approximately,  a 
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Fig.  2.  Au/Ni/s-GaN  Schottky  diodes  <f>b ,  n}  Vbt  and  Vf  as  a  function  of 
ICP  coil  power,  (Bias  voltage=— 100  V;  pressure=3  mT;  gas  flow 
rate- 14/6  seem  of  Cl2/Ar;  etch  duration =  120  s.) 


Fig.  4,  Room  temperature  /-  V  characteristics  of  Ni  Schottky  barrier  diodes 
formed  directly  on  the  etched  n-GaN  surfaces  for  constant  time  at  different 
bias  voltages.  (ICP  coil  power=3GGW;  pressure=3  mT;  gas  flow 
rate  =  14/6  seem  of  Cl2/Ar,  etch  duration  =100  s.) 


JVST  B  -  Microelectronics  and  Nanometer  Structures 


2928 


Khan  et  ah  Plasma-induced  damage  study  of  n-GaN  using  1CF-RIE 


2928 


2.0  n  0.9 


1.7  -  0.6 
> 

d  u 


1.4  J  0.3 


7.5  .0.56 

5.0  .  0.39 

£ 

$  S 

'$ 

>  > 

b 

2.5  -0.22 

5 

-p 

% 

0.0  L  0.05 

40  60  80  100  120  140  160  180  200 
Bias  Voltage  (-V) 


-g  0.0 

i 

U  -0.5 


-4  -2 

Voltage  (V) 


0.0  0.1  0.2  0.3  0.4  0.5  0.6 

(b)  Voltage  (V) 

Fig.  5.  (a)  Au/Ni/n-GaN  Schottky  diodes  <f>b  ,  n,  Vb,  and  Vj-  as  a  function  of 
bias  voltage  for  «-GaN  samples  etched  to  a  constant  depth  at  different  bias 
voltages;  (b)  room  temperature  /-  V  characteristics;  (e)  room  temperature 
forward  I-V  characteristics,  (ICP  coil  power =300  W;  pressure =3  mT;  gas 
flow  rate  =  14/6  seem  of  Cl2/Ar;  etch  depth=  2500  A.) 


constant  depth  of  2500  A.  Owing  to  the  different  etch  rates 
corresponding  to  different  bias  voltages,  the  samples  were 
exposed  to  the  plasma  for  different  duration  to  etch  a  con¬ 
stant  depth  of  2500  A.  It  is  interesting  to  observe  that  in  spite 
of  the  difference  in  plasma  exposure  duration,  the  plasma- 
induced  damage  increased  with  the  bias  voltage.  The  sample 
etched  at  ~50  V  was  exposed  to  the  plasma  for  835  s  while 
that  etched  at  -200  V  was  exposed  to  the  plasma  for  only  45 
s  to  achieve  a  constant  etched  depth  of  250  nm.  Despite  this 
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Fig.  6.  AES  of  unetched  n-GaN  and  n-GaN  etched  at  -100,  —150,  and 
—200  V.  (ICP  coil  power =300  W;  pressure =3  mT;  total  gas  flow 
rate=14/6  seem  of  €12/Ar;  etch  duration =  100  s.) 


substantial  difference  in  the  plasma  exposure  duration,  the 
electrical  characteristics  of  the  sample  etched  at  —50  V  were 
significantly  better  than  those  of  sample  etched  at  —200  V. 
This  confirms  our  earlier  observations  that  the  bias  voltage 
rather  than  the  plasma  exposure  duration  is  the  more  signifi¬ 
cant  cause  of  the  plasma-induced  damage.  As  the  bias  volt¬ 
age  was  increased  from  —50  V  to  -200  V,  <fib,  ¥bi  and  Vf 


decreased  from  869  to  615  meV,  -7  to  -2.1  V,  and  400  to 
121  mV,  respectively.  The  terms  <f>b ,  Vb>  and  Vf  for  the 
control  sample  were  883  meV,  -7,20  V,  and  434  mV,  respec¬ 
tively,  Figure  5(b)  shows  how  the  reverse  breakdown  voltage 
was  affected  by  the  variation  in  bias  voltage  from  —50  to 
-200  V.  Figure  5(c)  shows  how  the  forward  turn-on  I-V 
characteristics  of  the  etched  samples  changed  as  the  bias 
voltage  was  increased  from  -50  to  —200  V. 

Auger  electron  spectroscopy  (AES)  analysis  was  per¬ 
formed  on  etched  GaN  layers  to  investigate  etch-induced  sur¬ 
face  stoichiometric  changes.  Figure  6  shows  the  AES  spectra 
of  an  unetched  control  sample  in  comparison  with  those 
etched  at  —100,  -150,  and  —200  V,  ICP  coil  power,  cham¬ 
ber  pressure,  gas  flow  rate,  and  etch  duration  was  kept  con¬ 
stant  at  300  W,  3  mT,  14/6  seem  of  Cl2/Ar  and  100  s,  re¬ 
spectively.  The  surfaces  of  all  samples  were  cleaned  in  1:1 
HC1:H20  solution  before  being  analyzed.  The  C  and  O  peaks 
in  the  various  spectra  are  due  to  the  atmospheric  exposure. 
The  Cl  in  the  spectra  of  the  etched  sample  is  from  the  etchant 
gas.18  Within  experimental  error,  the  relative  concentration 
of  N,  and  Ga  on  the  etched  samples  was  observed  to  be 
identical  to  the  unetched  control  sample. 

IV.  CONCLUSIONS 

In  summary,  plasma-induced  damage  caused  by  induc¬ 
tively  coupled  plasma  reactive  ion  etching  in  Cl2/Ar  gas 
mixtures  on  GaN  was  extensively  investigated.  ICP  coil 
power  and  plasma  exposure  duration  were  found  to  affect  the 
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plasma-induced  damage  minimally.  Bias  voltage  was  found 
to  be  the  most  significant  cause  of  the  plasma-induced  dam¬ 
age.  Auger  electron  spectroscopy  of  the  etched  samples 
showed  that  the  plasma  etching  conditions  being  investigated 
produced  very  little  variation  in  the  surface  stoichiometry  of 
the  etched  samples. 
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The  impact  of  rapid  thermal  annealing  on  the  electrical  and  materials  characteristics  of  Re  Schottky 
contacts  on  n-type  GaN  and  Al^Ga^N  (x-0.10  and  0.26)  was  investigated.  Effective  barrier 
heights  were  obtained  from  current- voltage  and  modified  Norde  measurements  on  diodes  annealed 
at  up  to  800  °C.  For  A\xGa}  _XN  with  x>0,  Schottky  barrier  heights  were  found  to  increase  upon 
annealing  from  the  as-deposited  state,  but  decreased  sharply  after  annealing  at  600  °C.  Modified 
Norde  measurements  indicate  that  this  degradation  could  be  explained  by  the  existence  of  a  shunt 
conduction  path  with  an  associated  barrier  height  below  0.46  V,  possibly  a  consequence  of  an 
inhomogeneous  interface  after  annealing  at  temperatures  above  600  °C.  A  new  defect  lying  at  0.34 
eV  below  the  conduction  band  edge  was  also  detected  by  deep  level  transient  spectroscopy  after 
contact  degradation.  ©  2002  American  Institute  of  Physics.  [DOI:  10.1063/1.1503402] 


Thermally  stable  Schottky  contacts  are  essential  for  the 
realization  of  self-aligned  high  electron  mobility  field-effect 
transistors  (HEMTs)  in  the  GaN/AlGaN  materials  system. 
Successful  fabrication  of  such  a  device  requires  the  Schottky 
gate  to  withstand  a  source/drain  contact  annealing  process 
without  significant  barrier  degradation.  Typical  Ti/Al-based 
source/drain  ohmic  contacts  for  GaN/AlGaN  HEMTs  require 
annealing  between  750  °C— 850  °C  for  30  s  to  achieve  mini¬ 
mum  resistance.  In  addition,  x>0.20  is  required  for  the 
AlxGa]  _XN  layer  to  maximize  the  two-dimensional  electron 
gas  charge  density  in  the  HEMT  channel.  Of  the  few  system¬ 
atic  annealing  studies  on  metal/Al^Gaj  _  VN  Schottky  contact 
systems,1,2  none  approaches  the  materials-temperature  per¬ 
formance  envelope  defined  by  the  HEMT  requirements 
stated  herein.  Rhenium  Schottky  contacts  were  recently  stud¬ 
ied  for  their  stability  on  GaN,  GaAs,  and  6H-SiC,3-5  and  it 
was  predicted,  based  on  thermodynamic  arguments,  to  be 
one  of  the  more  promising  candidates  for  stable  contacts  on 
Al^ Gaj  _*N. 6  This  letter  reports  the  Schottky  barrier  charac¬ 
teristics  of  Re/Al^Ga^N  contact  system  (x=0,  0.10,  and 
0.26)  after  annealing  at  temperatures  between  300  °C- 
800  °C. 

The  AlxGai  _XN  layers  used  for  this  study  consisted  of  3 
pm  thick  undoped  Al^Ga^N  followed  by  1  pm  of  Si- 
doped  A^Gai  -XN.  Bulk  carrier  concentrations  of  the  doped 
layers  were  determined  by  capacitance-voltage  measure¬ 
ments  to  be  about  2.5X  1G17  cm"3.  The  reference  GaN  layer 
used  in  this  study  had  a  similar  structure  with  a  nominal  bulk 
carrier  concentration  of  1.4X1017  cm-3.  The  measured  de¬ 
vice  structure  consisted  of  an  array  of  250  pm  diameter 
Schottky  dots  separated  25  pm  radially  from  the  Ti/Al-based 
ohmic  contact.  Prior  to  transferring  the  samples  into  the 
metal  evaporation  chamber,  Al^Ga]  _XN  surfaces  were 
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cleaned  with  an  02  plasma  asher,  followed  by  dips  in  dilute 
HF:DI  solutions.  Electron-beam  evaporation  was  used  to  de¬ 
posit  Re  (99.9%  pure,  supplied  by  Pure  Tech,  NY)  to  a  thick¬ 
ness  of  80  ran.  After  the  lift-off  process,  different  diodes 
were  annealed  in  a  rapid  thermal  annealing  furnace  in  a  1 
atm  N2  ambient  for  1  min  between  300  °C  and  800  °C  in 
100  °C  intervals.  Schottky  diode  characteristics  were  mea¬ 
sured  using  current-voltage  ( I-V)  and  modified  Norde 
(I-  V—  T)  techniques. 

Platband  barrier  heights  (< pbj )  plotted  in  Fig.  1  were 
calculated  from 

4bj~n*w-(*-mkT/q)WNcWd),  0) 

where  the  zero-bias  barrier  height,  <f>b0i  and  ideality,  n,  were 
determined  using  forward-bias  log/ versus  V  characteristics 
of  Re  contacts  on  AI^Gaj  _XN.  Nc  is  the  effective  density  of 
states  for  the  conduction  band,  Nd  is  the  ionized  dopant  con¬ 
centration,  and  other  symbols  carry  their  usual  meanings, 
AlrGaj_xN  materials  parameters  used  in  calculating  <f>m 


FIG,  1 .  Flatband  barrier  height  and  diode  ideality  factor  of  rhenium  contacts 
on  AlyGa^N  (*=  0,  0.1,  and  0,26}  before  and  after  heat  treatments. 
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were  given  elsewhere,7  Regardless  of  the  aluminum  concen¬ 
tration,  Re  diodes  on  AlGaN  all  improved  significantly  upon 
annealing,  reaching  a  peak  barrier  height  after  annealing  at 
around  400°C-500°C  as  shown  in  Fig.  1.  More  intimate 
metal-semiconductor  contacts  after  annealing  resulted  in 
idealities  reducing  slightly  toward  1,  indicating  a  better  fit  to 
the  thermionic  emission  model.  At  these  moderate  annealing 
temperatures,  the  uniformity  of  the  fabricated  diodes  also 
improved  markedly  as  seen  by  the  reduction  of  data  scatter 
in  both  diode  ideality  and  barrier  height.  The  behavior  of  Re 
on  GaN  is  consistent  with  an  earlier  report.3  In  contrast  to 
Re/GaN,  Re/AlGaN  diodes  exhibited  significant  reductions 
in  barrier  heights  after  annealing  at  600  °C  and  above.  Uni¬ 
formity  also  suffered  after  annealing  at  higher  temperatures. 
In  conjunction  with  the  reduction  in  barrier  heights,  reverse 
leakage  current  densities  were  also  observed  to  increase  by 
about  5  orders  of  magnitude  after  an  800  °C  anneal  from 
their  400 °C  values:  From  2X  10~9  to  1.8X  1CT4  Acm“2  at 
—  10  V  for  Re/Al01Ga0  9N,  for  example. 

To  avoid  potential  errors  due  to  high  series  resistances 
on  the  extracted  <j>b  at  high  Al  concentrations  and  avoid  mak¬ 
ing  assumptions  on  the  Richardson  constant  of  the  diodes, 
Schottky  barrier  heights  were  also  extracted  with  the  I-  V-  T 
method,  following  procedures  given  by  Tam  et  al%  and 
Schmitz  et  al9  I-  V-T  measurements  were  conducted  by 
placing  samples  on  a  variable  temperature  probe  station 
housed  inside  a  nitrogen-purged  environmental  chamber. 
Forward  I-  V  curves  were  collected  at  15°C  intervals  from 
—55  °C  to  95  °C.  To  reduce  clutter  in  Fig.  2(a),  typical  for¬ 
ward  /  versus  V  plots  of  Re/Al0  26Ga0  74N  were  given  at  only 
three  of  the  eleven  measurement  temperatures:  —  55  °C, 
20  °C,  and  95  °C,  after  annealing  the  diodes  at  400  °C, 
600  °C,  and  800  °C.  In  addition  to  the  increased  forward  cur¬ 
rent  due  to  lower  barrier  heights,  the  most  significant  change 
after  high-temperature  annealing  is  the  increased  low-bias 
current,  readily  apparent  by  comparing  the  sets  of  log  I-V 
curves  obtained  at  —55  °C  and  20  °C  but  annealed  at  three 
different  temperatures.  Figure  2(b)  shows  the  2Flm  +  (2 
-n)ln(4/F2)  versus  qlkT  plot  used  to  extract  the  barrier 
heights  from I-V-T  measurements.  Flm  is  the  minimum  of 
the  function  FI  ~{qV!2kT)  —  ln(//2^)  and  the  corresponding 
minimum  in  diode  current  I  measured  at  any  given 
temperature.9  The  slope  of  each  line  is  directly  proportional 
to  the  barrier  height  of  the  diode,  which  in  this  case  is  closer 
to  the  zero-bias  barrier  height  (<f>b 0)  than  flatband  barrier 
height  obtained  from  I-V  measurements.  Figure  2(b) 
revealed  a  second,  lower  barrier  for  diodes  annealed  at 
800  °C.  Without  knowing  the  ideality  of  this  lower  barrier, 
the  slope  gives  its  upper  limit  as  0.46  V,  For  Re/AlxGaj_xN 
diodes  with  x  =  0,  0.1,  and  0.26,  the  Richardson  constants 
were  on  the  order  of  20,  1.0,  and  0,1  Acm”2K-2,  respec¬ 
tively,  after  moderate  annealing  and  before  barrier  degrada¬ 
tion.  Vertical  separation  of  the  two  segments  in  Fig.  2(b) 
after  high-temperature  annealing  indicates  different  Richard¬ 
son  constants  associated  with  each  barrier.  Because  this  bar¬ 
rier  only  appears  at  lower  measurement  temperatures  (higher 
qlkT  values),  it  is  very  likely  due  to  the  formation  of  inho¬ 
mogeneous  diodes  with  low-barrier  “patches”  at  the  Re- 
AlGaN  interface  as  a  result  of  interfacial  reactions.  Since 

current  I  Is  proportional  to  exp (—<bblkT),  at  a  small  bias  and 
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FIG.  2.  (a)  Selected  /-  V-T  results  of  annealed  diodes.  Forward  log  /  vs  V 
curves  were  shown  for  only  three  of  the  eleven  measurement  temperatures 
after  annealing,  (b)  Barrier  heights  extracted  from  I-  V -  T  measurements, 
showing  a  low-barrier  segment  after  annealing  at  800  °C. 

low  F,  a  contribution  to  the  forward  current  may  predomi¬ 
nantly  come  from  the  portion  of  an  inhomogeneous  diode 
with  the  least  barrier  height,  even  when  the  low-barrier  re¬ 
gion  only  occupies  a  small  fraction  of  the  interface.  This 
explains  the  segmented  appearance  of  the  lines  with  different 
slopes  in  Fig.  2(b),  and  the  fact  that  the  low-barrier  height 
segments  show  up  only  at  low  temperatures  when  their  con¬ 
tribution  to  the  overall  current  is  dominant.  For  diodes  fab¬ 
ricated  on  Al0  jGao  gN,  segmentation  also  happens  after  high- 
temperature  annealing  but  the  second-barrier  height  is  not  as 
well  defined. 

Low-bias  anomalies  in  Schottky  diodes,  similar  to  those 
shown  in  Fig.  2(a),  in  which  the  diode  current  is  higher  than 
expected  from  thermionic  emission  alone,  are  often  attrib¬ 
uted  to  a  variety  of  factors  other  than  diode  inhomogeneity, 
such  as  recombination-generation  (R-G)  currents  and  edge 
effects.  However,  close  examination  points  to  interface  inho¬ 
mogeneity  as  the  most  likely  origin.10  In  addition,  it  was 
reported  that  when  the  low-bias  anomaly  was  believed  to  be 
due  to  R-G  centers,  the  reverse  leakage  current  does  not 
increase  substantially,11  which  Is  contrary  to  what  we  have 
observed  in  the  Re/AIGaN  system,  where  we  saw  a  10s  in¬ 
crease  in  reverse  leakage  current  after  high-temperature  an¬ 
nealing, 

A  deep  level  transient  spectroscopy  (DLTS)  study  was 
to  AIP  (icense  or  copyright,  see  nttp://ojps,aip.org/apio/apicr,jsp 
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FIG,  3,  DLTS  spectra  of  Re  on  Al0-lGa09N  obtained  before  (a)  and  after  (b) 
annealing  at  800  °C  for  1  min, 

carried  out  to  examine  the  formation  of  new  defect  centers 
that  might  be  responsible  for  the  low-bias  I—  V  anomaly. 
Since  diodes  fabricated  on  A101G%9N  exhibited  much  better 
uniformity  and  excellent  ideality  compared  to  those  fabri¬ 
cated  on  Al0  26Ga0  74N}  DLTS  study  was  carried  out  on  these 
diodes  so  that  potential  defects  could  be  more  easily  isolated. 
Figure  3  shows  that  defect  B  was  annealed  out  while  a  new 
trap  C  appeared  after  rapid  thermal  annealing.  Defect  B  has  a 
bandlike  energy  distribution,  located  at  about  0.7-0.9  eV 
below  the  conduction  band  edge,  and  may  be  attributed  to 
electron-beam  (e-beam)  damage.  It  was  previously  shown 
that  e-beam  deposition  introduces  defects  in  n-GaN  and  that 
these  defects  lead  to  inferior  device  performance.12  Defect  C 
is  located  at  about  0.34  eV  below  band  edge  with  an  apparent 
capture  cross  section  or—  1  X  10” 16  cm”2.  Defect  A  which 
persisted  after  annealing  has  an  activation  energy  of  0,77  eV 
with  <r=8X  10" 15  cm”2,  and  its  population  did  not  change 
upon  annealing. 

Further  examinations  of  the  annealed  Re/AlGaN  system 
by  x-ray  diffraction  (XRD)  were  shown  in  Fig,  4.  To  increase 
the  likelihood  of  detecting  intermetallic  reaction  products, 
another  AlGaN  wafer  with  relatively  high  A1  concentration 
(x  =  0.22)  was  used,  and  the  Re/Al0  22Ga0  78N  samples  were 
annealed  at  400  °C  and  800  °C  for  30  min  rather  than  1  min. 


Since  barrier  degradation  occurred  near  the  melting  point  of 
Al,  special  attention  was  paid  to  possible  eutectic  alloys  be¬ 
tween  Re-Al,  which  are  known  to  form  at  moderate 
temperatures.13  Our  results  did  not  allow  an  unambiguous 
identification  of  any  intermetallics,  partly  due  to  the  large 
number  of  overlapping  substrate  and  rhenium  peaks.  It 
should  also  be  pointed  out  that  the  Re-Al  intermetallics 
identified  in  Ref,  13  were  found  after  annealing  times  on  the 
order  of  30  h  or  more  rather  than  the  30  min  used  in  our 
study.  It  is  possible  that  the  amount  of  solid-state  reaction 
products  is  sufficient  to  affect  the  electrical  behavior  while  it 
remains  below  the  detection  limit  of  a  bulk  materials  char¬ 
acterization  technique  such  as  XRD.  On  the  other  hand,  our 
XRD  data  clearly  shows  that  the  Re  film  on  AlGaN  is  highly 
textured.  Upon  annealing,  crystallization  and  grain  growth 
allows  some  peaks  to  become  visible,  similar  to  that  ob¬ 
served  in  a  Re/GaAs  system.4  It  is  also  expected  that  stress 
relief  will  occur  as  the  lattice  parameter  of  Re  is  smaller  than 
that  of  AlGaN.  However,  it  is  considered  unlikely  that  these 
phenomena  can  account  for  the  significant  changes  in  elec¬ 
trical  behavior  seen  from  I—V  measurements.  Another  sce¬ 
nario  which  might  also  lead  to  shunt  conduction  and  barrier 
degradation  upon  high-temperature  annealing  is  metal  migra¬ 
tion  along  line  defects  such  as  a  network  of  dislocations,14 
Additional  transmission  electron  microscopy  analysis  is  be¬ 
ing  carried  out  to  study  any  possible  metallurgical  reactions 
and  structural  changes  at  the  Re/ AlGaN  interface. 

In  conclusion,  we  have  presented  the  Schottky  character¬ 
istics  of  refractory  metal  rhenium  on  n-Al^Ga^^N  after 
high-temperature  annealing.  The  barrier  height  increases  ini¬ 
tially  but  drops  off  after  annealing  at  600  °C.  I-  V-  T  analy¬ 
sis  clearly  shows  the  existence  of  shunt  conduction  pathways 
associated  with  the  observed  barrier  degradation.  In  addition, 
DLTS  analysis  shows  a  new  defect  level  at  0.34  eV  below  Ec 
after  annealing.  Further  studies  are  needed  to  ascertain  if 
structural  degradation  or  hopping  conduction  through  defect 
levels  are  responsible  for  the  observed  low-bias  current 
anomaly. 

The  work  at  the  University  of  Illinois  was  supported  by 
Air  Force  Contract  No.  F33615-98-C-1215,  DARPA  Con¬ 
tract  No,  DAAD  19-99-1-0011,  and  DOE  Grant  No, 
DEFG02-96-ER45439, 


2  Theta  (Degrees) 

FIG.  4.  XRD  scans  of  the  Re/Al0.22  Ga0  78N  contact  system  before  and  after 
heat  treatments.  The  annealing  time  was  30  min  at  each  marked  temperature. 
Al203(006)  was  used  for  scan  calibration,  other  indexed  peaks  belong  to 
rhenium. 
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A  metallization  scheme  consisting  of  Ti/AI/Mo/Au  with  excellent  edge  acuity  has  been  developed 
for  obtaining  low-resistance  ohmic  contacts  to  n-GaN,  Excellent  ohmic  characteristics  with  a 
specific  contact  resistivity  as  low  as  4,7  X  10-7  O-cnr  were  obtained  by  rapid  thermal  annealing  of 
evaporated  Ti/AI/Mo/Au  at  850  °C  for  30  sec  In  a  N2  ambient.  Additionally,  no  degradation  in 
specific  contact  resistivity  was  observed  for  these  contacts  subjected  to  long-term  annealing  at 
500  °C  for  360  h,  ©  2002  American  Institute  of  Physics.  [DOI:  10,1063/1,1491584] 


The  GaN-based  material  system  is  of  great  interest  not 
only  for  blue/green  light-emitting  diodes,  laser  diodes,  and 
UV  photodetectors,  but  also  for  realization  of  high-frequency 
and  high-power  electronic  devices  at  elevated 
temperatures,1-3  This  is  due  to  its  unique  material  properties 
such  as  a  wide  band  gap  leading  to  high-breakdown  fields,  a 
high-electron  saturated  velocity  resulting  in  high  speed,  and 
the  existence  of  AlGaN/GaN  heterostructure  with  a  high- 
conduction  band  offset  and  high  piezoelectricity  resulting  in 
high-sheet  carrier  densities  in  the  1.0X1013cm-2  range. 
However,  among  the  various  problems  limiting  the  perfor¬ 
mance  of  these  devices  are  the  need  to  form  ohmic  contacts 
with  very  low  resistance,  smooth  morphology,  and  good  edge 
acuity,  and  thermal  stability  for  reliable  high-temperature 
performance.  These  factors  are  critical  to  the  fabrication  of 
short  channel  electronic  devices,  namely,  high-electron  mo¬ 
bility  transistors  (HEMTs)  and  metal-semiconductors  field 
effect  transistors  (MESFETs),  A  wide  variety  of  ohmic  con¬ 
tacts  have  been  reported  for  n-GaN,  Among  them,  the  Ti/Al 
bilayer  metal  system  has  been  the  most  commonly  adopted 
contact  on  n-GaN,4-8  Rapid  thermal  annealing  at  a  tem¬ 
perature  as  high  as  900  °C  in  N2  or  Ar  ambient  is  widely 
used  to  alloy  these  bilayer  contacts.  However,  due  to  the 
low-melting  point  of  A1  together  with  its  propensity  to  oxi¬ 
dize  at  elevated  temperatures,  these  contacts  have  severe  re¬ 
liability  limitations  when  subjected  to  high-temperature  pro¬ 
cessing,  or  when  operating  under  high-temperature 
conditions.  To  avoid  this  propensity  of  oxidation  at  elevated 
temperatures,  Ni/Au  was  added  on  top  of  this  bilayer  to  ob¬ 
tain  a  Ti/Al/NI/Au  contact.9  A  very  low-specific  contact  re¬ 
sistivity  of  3,6 X  10-8O-cm2  was  achieved  on  reactively 
ion-etched  n-GaN,  Results  on  other  metal  composites  such 
as  Ti/Al/Ti/Au,  Ti/Al/Pd/Au,  and  Ti/Al/Pt/Au  have  also  been 
reported,10-14  In  general,  higher-melting-point  metals  exhibit 
lower-bulk  diffusivities,15  Mo  has  a  significantly  higher- 
melting  point  than  either  Ni  or  other  potential  diffusion  bar¬ 
riers  such  as  Ti,  Pd,  and  Pt  Also,  binary  phase  diagrams 
show  that  Au  has  less  than  1%  solubility  in  Mo  at  the  contact 
annealing  temperature  in  the  range  of  850  °C,  while  its  solu¬ 
bility  in  Ti  and  Pt  are  significantly  higher,  and  reaching 
100%  in  Ni  and  Pd,  Hence,  it  will  be  of  great  interest  to 


investigate  the  performance  of  the  Ti/AI/Mo/Au  metalliza¬ 
tion  scheme,  where  Mo  is  the  diffusion  barrier  between  A1 
and  Au, 

The  epitaxial  layer  used  in  the  present  study  was  grown 
on  c-face  sapphire  substrates  by  metal-organic  chemical- 
vapor  deposition.  The  epilayer  consisted  of  an  AIN  buffer,  a 
1  pm  undoped  GaN  and  a  1  pm  Si-doped  n-GaN.  Hall 
measurements  indicated  a  bulk  carrier  concentration  of  1 
X  1018cm-3  and  mobility  of  about  250  cm2/volt-sec  at  room 
temperature.  Mesas  for  transmission  line  measurements  were 
etched  using  €12/Ar  plasma  in  an  inductively  coupled- 
plasma  reactive  ion  etch  (ICP-RIE)  system.  Next,  rectangular 
pads  were  patterned  on  these  electrically  isolated  mesas,  and 
a  Ti/AI/Mo/Au  (15  nm/60  nm/35  nm/50  nm)  composite  was 
evaporated  on  the  mesas.  Electron-beam  evaporation  was 
used  to  deposit  Ti,  AI,  and  Mo,  while  Au  was  deposited  by 
thermal  evaporation.  Also,  a  pretreatment  of  the  ohmic  con¬ 
tact  area  using  SiCl4  plasma  in  a  RIE  system  was  performed 
prior  to  metallization.16  Rapid  thermal  annealing  of  the 
samples  was  performed  in  an  N2  ambient.  On-wafer  current- 
voltage  measurements  were  performed  at  room  temperature 
using  a  HP4142B  semiconductor  analyzer.  Four  probes  were 
used  to  eliminate  the  effects  of  resistance  between  the  probes 
and  metal  contacts.  The  specific  contact  resistivity  was  ex¬ 
tracted  from  a  linear  curve  fit  of  the  measured  resistance 
versus  gap  spacing  plot. 

The  I-  V  characteristics  for  the  as-deposited  and  an¬ 
nealed  contacts,  measured  between  ohmic  pads  with  a  spac¬ 
ing  of  2  pm  are  shown  in  Fig.  1,  The  as-deposited  contacts 
are  ohmic.  However,  it  Is  interesting  to  note  that  annealing  at 
500  °C  results  in  rectifying  behavior.  Similar  behavior  has 
been  observed  for  the  Ti/Al/NI/Au  metallization.17  This  rec¬ 
tifying  characteristic  is  attributed  to  the  formation  of  an  ini¬ 
tial  phase  of  TiN,  This  initial  phase  of  TiN  probably  forms  a 
heterojunction  or  a  quasl-metal-Insulator-semiconductor 
structure  resulting  in  a  higher-barrier  height.  Annealing  at 
higher  temperatures  results  in  diffusion  of  Al  through  Ti  to 
reach  the  n-GaN  surface.  Al  then  reacts  with  the  GaN  sur¬ 
face  to  form  a  thin  AIN  layer  at  the  interface,  or  a  Ti-Al-N 
phase  with  a  more  favorable  work  function.  The  process  of 
formation  of  both  TiN  and  AIN  results  in  creation  of  N  va- 
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Voltage  (V) 


FIG.  1.  Current-voltage  characteristics  ofTi(15  nm)/Al(6G  nm)/Mo{35  run)/ 
Au(50  nm)  contacts  on  n-GaN  for  the  as-deposited  and  after  annealing  at 
various  temperatures  for  30  s.  Inset;  current-voltage  characteristics  after 
annealing  at  500  °C  for  30  s. 


Time  (hour) 

FIG.  3.  Specific  contact  resistivity  as  a  function  of  aging  time  (raging 
=  500°C)  of  a  Ti(15  nm)/Al(60  nm)/Mo(35  nm)/Au(50  nm)  contacts  on 
n-GaN  annealed  for  30  s. 


cancies,  which  yields  a  heavily  doped  interface,  resulting  in  a 
tunneling  current  responsible  for  ohmic  contact  formation.5 
The  presence  of  a  thin  AIN  layer  has  been  experimentally 
confirmed  by  high-resolution  transmission  electron  micros¬ 
copy  and  electron  energy  dispersive  x-ray  spectroscopy  at 
the  interface  of  Ti/AI  and  Pd/Al  contacts  on  n-GaN,18  The 
variation  of  specific  contact  resistivity  as  a  function  of  anneal 
temperature  is  shown  in  Fig.  2.  As  can  be  seen,  the  specific 
contact  resistivity  decreases  steadily  with  the  increase  of  an¬ 
nealing  temperature  up  to  850  °C.  Further  increase  of  the 
anneal  temperature  results  in  a  slight  increase  of  specific 
contact  resistivity.  A  specific  contact  resistivity  as  low  as 
4,7 X  10”7  O-cm2  has  been  obtained  at  an  anneal  tempera¬ 
ture  of  850  °C. 

To  ensure  the  suitability  of  Ti/Al/Mo/Au  for  high- 
temperature  and  high-power  applications,  these  contacts 
were  subjected  to  long-term  thermal  annealing  treatment.  No 
degradation  of  contact  resistance  was  observed  even  after 
annealing  these  contacts  at  500  °C  for  360  hours  as  shown  in 
Fig,  3,  This  implies  that  the  Mo/Au  layers  protected  the  A1 
layers  against  oxidation,  and  that  the  Mo  layer  prevented 
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FIG.  2,  Specific  contact  resistivity  as  a  function  of  annealing  temperature  of 
Ti(I5  nm)/Al(60  nm)/Mo(35  nm)/Au(50  nm)  contacts  on  n-GaN  annealed 
for  30  s. 


diffusion  of  Au  through  the  Ti/AI  layers  to  degrade  the  con¬ 
tacts,  In  order  to  guarantee  a  good  contact  pattern  definition, 
the  contact  surface  morphology  must  be  smooth.  An  atomic 
force  microscope  image  of  the  as-deposited  and  annealed 
Ti/Al/Mo/Au  (15  nm/60  nm/35  nm/50  nm)  contact  on 
n-G aN  at  850 °C  is  shown  in  Figs.  4(a)  and  4(b),  respec¬ 
tively,  The  root-mean-square  values  for  the  surface  rough¬ 
ness  of  the  as-deposited  and  annealed  contacts  are  1  and  17 
nm,  respectively.  The  value  of  surface  roughness  for  the  an¬ 
nealed  contacts  is  lower  than  previously  reported  values  for 
Ti/Al/Ni/Au  contacts.17*19  Figure  5  is  a  scanning  electron  mt- 


(b)'  annealed 


FIG.  4.  AFM  micrographs  of  the  Ti/Al/Mo/Au  ohmic  contacts  (a)  before 
and  (b)  after  annealing  at  850  °C  for  30  s. 
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FIG.  5.  Edge  acuity  of  the  annealed  (850  °C  for  30  s)  Ti/AI/Mo/Au  ohmic 
contact  (source-drain  spacing— 2  jxm). 

croscopy  (SEM)  micrograph  showing  the  smooth  surface 
quality  and  excellent  edge  acuity  of  the  ohmic  contact. 

In  summary,  a  metallization  scheme  Ti/AI/Mo/Au  was 
developed  to  form  low-resistance  ohmic  contacts  with  excel¬ 
lent  edge  acuity  on  #-GaN,  A  specific  contact  resistivity  as 
low  as  4.7 X  10-7  ff-cm2  has  been  achieved  on  moderately 
doped  n-GaN.  Also,  the  surface  morphology  of  the  an¬ 
nealed  contact  was  smooth.  No  degradation  in  contact  resis¬ 
tance  was  observed  when  these  contacts  were  subjected  to 
long-term  annealing  at  500  °C  for  360  h.  These  features 
make  Ti/AI/Mo/Au  contacts  very  attractive  for  use  as  ohmic 
metallization  in  the  fabrication  of  short-channel  HEMTs  and 
MESFETs.  Detailed  studies  on  the  Ti/AI/Mo/Au  interactions 
with  GaN  are  in  progress, 
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If  the  power  MOSFET  is  controlling  a  clamped  inductive  load,  the 
rise  of  drain  current  on  turn-on  occurs  before  the  fall  in  drain  voltage  so 
that  the  current  transformer  is  less  effective  in  this  case  in  reducing  the 
MOSFET  tum-on  time.  However,  a  fast  turn-on  is  often  not  required  in 
the  case  of  a  clamped  inductive  load  since  since  this  results  in  an 
unacceptably  large  value  of  diode  recovery  current.  With  insulated  gate 
bipolar  transistors  other  considerations  apply  but  some  advantage  in 
reducing  tum-on  time  with  a  resistive  load  has  been  observed. 

Conclusion:  It  has  been  demonstrated  that  the  tum-on  time  of  a 
power  MOSFET  can  be  reduced,  for  a  given  set  of  gate  drive 
conditions,  by  the  inclusion  in  the  drain  lead  of  a  small  current 
transformer  in  the  drain  lead.  Energy  withdrawn  from  the  gate  circuit 
by  the  Miller  capacitance  is  replaced  by  energy  obtained  from  the 
change  of  flux  in  the  transformer  core.  The  transformer  is  sufficiently 
small  to  be  able  to  allow  it  to  be  Fabricated  as  part  of  the  packaged 
MOSFET.  The  incorporation  of  this  feature  in  power  MOSFETs 
would  permit  the  use  of  lower  voltage,  lower  power  gate  driver 
circuits. 
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Ohmic  contacts  on  n-type  AIo.59Gao.41N  for 
solar  blind  detectors 

D.  Selvanathan,  L.  Zhou,  V.  Kumar,  IP.  Long, 

M.A.L.  Johnson,  J.F,  Schetzina  and  I.  Adesida 

Low-resistance  ohmic  contacts  on  Alo.59Gao.41N  were  formed  using  a 
Ti/AI/Mo/Au  metallisation  scheme.  A  specific  contact  resistivity  as 
low  as  6  x  1 0~5  O-cm2  was  achieved  using  a  pre-metallisation  treat¬ 
ment  of  the  surface  in  an  SiCl4  plasma  with  a  self-bias  voltage  of 
-300  V  in  a  reactive  ion  etching  system. 

Wide  bandgap  ALGa}_tN  is  the  material  of  choice  in  the  development 
of  the  ultraviolet  (UV)  photodetectors  with  visible  or  solar-blind 
properties.  These  devices  are  of  importance  in  soIar-UV  monitoring, 
space  communications,  missile  detection  and  flame  and  heat  sensing 
applications.  For  the  fabrication  of  solar-blind  UV  photodetectors  with 
a  sharp  transmission  cutoff  wavelength  at  A  <280  nm,  A1  mole  fraction 
x  >0,4  is  required  in  the  AlxGa3_xN  material  system.  Formation  of 
good  quality  ohmic  contacts  with  low  resistance  and  smooth  morphol¬ 
ogy  is  a  requisite  for  the  fabrication  of  highly  efficient  UV  detectors. 
Previously,  ohmic  contacts  to  n-AlGaN  were  formed  using  the  Ti/Al  [1] 
and  Ti/Al/Ti/Au  [2]  metallisations.  The  specific  contact  resistivity  of 
Ti/Al/Tt/Au  ohmic  contacts  on  Alo.40Gao.60N  was  reported  to  be 
2.5  x  1G~3  0-cm2  [2].  The  performance  of  these  devices  is  limited  by 
the  high  contact  resistance  of  the  ohmic  contacts.  Recently,  we  have 
established  low  resistance,  thermally-stable  ohmic  contacts  on  n-GaN 
using  a  metallisation  scheme  consisting  of  Ti/AJ/Mo/Au.  In  this  Letter, 
we  report  a  low-resistance  ohmic  metallisation  for  Alo.59Gao.4tN  layer 
using  pre-metallisation  treatment  of  the  surface  with  SiCl4  plasma 
reactive  ion  etching  [3],  We  study  the  resistance  and  specific  contact 
resistivity  of  the  ohmic  contacts  against  the  pre-metallisation  SiCl4 
plasma  etch  self-bias  voltage. 
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The  epitaxial  layer  was  grown  using  metal  organic  chemical  vapour 
deposition  (MOCVD)  on  a  c-face  sapphire  substrate.  The  epilayer 
consisted  of  an  AIN  buffer,  a  1  pm  unintentionally  doped  GaN  and  a 
0.25  pm  n-type  Alo.59Gao.41N  with  a  doping  concentration  of 
3  x  1017  cm  3  as  determined  by  capacitance-voltage  measurements  at 
1  MHz.  The  AI  mole  fraction  of  59%  was  established  by  cathodolumi- 
nescence  measurements.  The  layers  were  degreased  and  sonicated  to 
remove  organic  contaminants  from  the  surface.  Mesas  were  etched 
using  Cl2/Ar  plasma  in  an  inductively-coupled-plasma  reactive  ion  etch 
(ICP-RIE)  system  to  electrically  isolate  the  various  transmission  line 
measurements  (TLM)  structures.  Next,  the  ohmic  contact  pads  were 
patterned  using  optical  lithography.  Prior  to  metallisation  the  surfaces 
were  heated  using  SiCl4  plasma  in  a  reactive  ion  etching  (RIE)  system 
followed  by  a  HC1:H20  rinse  to  remove  any  surface  oxide  layer. 
Thereafter,  an  ohmic  metallisation  consisting  of  Ti  (15nm)/Al 
(60  nm)/Mo  (35  nm)/Au  (50  nm)  was  deposited.  Ti,  Al  and  Mo  were 
electron-beam  evaporated  while  Au  was  thermally  evaporated.  The 
TLM  ohmic  pads  were  delineated  using  a  lift-off  process  and  the  gap 
spacing  between  the  TLM  contacts  were  -2,  3,  4,  5,  6,  8  and  10  pm, 
respectively.  The  ohmic  contacts  were  alloyed  at  850° C  for  30  s  in  an 
N2  ambient  using  a  rapid  thermal  annealing  (RTA)  furnace.  Current- 
voltage  (I-V)  measurements  were  made  at  room  temperature  using  an 
HP4142B  semiconductor  parameter  analyser.  The  I-V  characteristics  of 
the  annealed  ohmic  contacts  on  untreated  and  plasma-treated  surfaces 
for  a  gap  spacing  of  5  pm  arc  shown  in  Fig.  1 .  The  ohmic  contacts  on 
plasma-treated  surfaces  exhibit  better  1-V  characteristics  than  those  on 
untreated  surfaces,  while  the  as-deposited  ohmic  contacts  on  untreated 
surfaces  exhibit  rectifying  behaviour. 


Fig,  1  l-¥  characteristics  of  annealed  ohmic  contacts  on  untreated  surface 
and  on  SiCt4  plasma-treated  surfaces  for  gap  spacing  of  5  pm 

Contacts  annealed  at  850CC  for  30  s 
- untreated 

-  -  -  plasma  voltage  — 100  V 

—  - —  plasma  voltage  -200  V 

— plasma  voltage  —300  V 
- , —  plasma  voltage  —400  V 

Inset:  as-deposited  ohmic  contacts  on  untreated  surface  exhibiting  rectifying 
behaviour 

The  contact  resistance  is  extracted  from  a  linear  curve  fit  of  the 
measured  resistance  against  gap  spacing  plot  for  various  pre-metallisa¬ 
tion  plasma  etch  bias  voltages  and  a  typical  plot  is  shown  in  Fig.  2,  The 
y-intercept  and  the  slope  determine  contact  resistance  (Rc)  and  sheet 
resistance  (RK),  respectively  The  value  for  specific  contact  resistivity 
(pc)  is  calculated  from  Rc  and  the  ^-intercept.  The  variation  of  contact 
resistance  and  specific  contact  resistivity  of  the  annealed  ohmic  contacts 
on  plasma-treated  surfaces  against  plasma  self-bias  voltage  is  shown  in 
Fig.  3.  The  TLM  results  indicate  that  the  contact  resistance  of  the  ohmic 
contacts  decreases  monotonically  from  48  to  60-mm  as  the  plasma 
self-bias  voltage  is  increased  from  0  to  —300  V  and  thereafter  remains 
constant  as  the  plasma  self-bias  voltage  is  increased  to  —400  V  The 
specific  contact  resistivity  of  the  Ti/AI/Mo/Au  ohmic  contacts  exhibits 
a  similar  characteristic  with  a  minimum  value  of  6  x  10"5  O-cm2  for 
the  surface  treated  with  a  plasma  self-bias  voltage  of  -300  V.  This 
value  is  over  an  order  of  magnitude  lower  than  that  previously  reported 
for  Ji/Al/Ti/Au  ohmic  contact  on  Al04QGao.6oN  layer  [2].  The  sheet 
resistance  decreases  from  20  Kfi/sq.  in  the  untreated  surface  to  a 
minimum  of  6  K0/sq.  in  the  SiCi4  plasma-treated  surface  at  a  selfi- 
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bias  voltage  of  -300  V  and  thereafter  is  constant  as  the  plasma  bias- 
voltage  is  increased  to  —400  V,  Prolonged  exposure  of  the  ohmic 
contacts  to  the  atmosphere  did  not  degrade  the  ohmic  performance. 
The  root  mean  square  (rms)  values  of  the  surface  roughness  of  the 
as-deposited  and  annealed  ohmic  contacts  measured  using  an  atomic 
force  microscope  (AFM)  are  2  and  35  nm,  respectively. 


Fig,  %  Measured  resistance  against  TLM  gap  spacing  for  Jt/Al/Mo/Au 
contacts  annealed  at  £50°  C  for  30  s 

Etching  conditions  were  25  mT  and  10  seem  SiCi4  for  1  mtn 
plasma  voltage  —100  V 
O  plasma  voltage  -200  V 
T  plasma  voltage  -300  V 
V  plasma  voltage  -400  V 


Fig.  3  Contact  resistance  and  specific  contact  resistivity  against  pre- 
metallisation  SiClj plasma  etch  self-bias  voltage  of  Ti/Al/Mo/Au  contacts 
annealed  at  SStPC  for  30  s 

—  contact  resistance 

-O-  specific  contact  resistivity 


Conclusion:  We  have  developed  an  ohmic  metallisation  scheme 
consisting  of  Ti/Al/Mo/Au  to  form  low-resistance  contacts  on 
n-Alo.59Gao.41M*  A  specific  contact  resistivity  as  low  as  6  x  10-5 
Q-cm2  was  achieved  using  a  pre-metallisation  treatment  of  S1CI4 
plasma  with  a  self-bias  voltage  of  —300  V  in  an  RIB  system.  These 
features  make  Ti/Al/Mo/Au  ohmic  metallisation  very  attractive  for 
solar-blind  UV  detectors. 
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Hilbert  transformed  phase-splitting 
fractionally  spaced  equaliser 

Kyu-Min  Kang  and  Gi-Hong  Im 

A  phase-splitting  fractionally  spaced  equaliser  (PS-FSE)  with  a  Hilbert 
filter  is  proposed,  and  the  convergence  and  steady-state  behaviours  are 
analysed.  The  proposed  PS-FSE  employs  one  real-valued  adaptive 
filter,  which  utilises  both  in-phase  and  quadrature  error  signals  for 
weight  update.  The  initial  convergence  speed  of  the  proposed  PS-FSE 
is  approximately  twice  faster  than  the  conventional  PS-FSE. 


Introduction:  A  great  variety  of  adaptive  equaliser  structures  can  be 
used  for  carrterless  amplitude  and  phase  modulation  (CAP)  signals 
[1].  For  instance,  all  the  types  of  equalisers  that  are  used  for 
quadrature  amplitude  modulation  (QAM)  can  be  used  for  CAP  as 
well,  except  that  CAP  does  not  use  the  phase  recovery  circuit  that  is 
usually  required  at  the  output  of  the  equaliser  in  a  QAM  implementa¬ 
tion.  For  QAM  signals,  a  complex-valued  fractionally  spaced  equali¬ 
ser  (CFSE)  can  be  used.  An  alternative  FSE  is  phase-splitting  FSE 
(PS-FSE),  which  directly  uses  the  received  real  passband  signal  as  its 
input  [2].  Note  that  the  PS-FSE  consists  of  two  real-valued  adaptive 
filters,  as  compared  to  four  real-valued  adaptive  filters  in  the  CFSE, 
and  is  therefore  very  attractive  for  practical  implementation.  However, 
the  convergence  time  of  the  PS-FSE  is  approximately  twice  longer 
than  the  CFSE  [3].  In  this  Letter,  we  propose  a  so-called  Hilbert 
transformed  PS-FSE,  which  is  a  PS-FSE  with  a  Hilbert  filter.  The 
proposed  PS-FSE  requires  one  adaptive  filter,  which  utilises  both  in- 
phase  and  quadrature  error  signals  for  weight  update.  Thus,  the 
convergence  speed  of  the  proposed  PS-FSE  is  faster  than  the  conven¬ 
tional  PS-FSE,  while  the  computational  complexity  of  the  proposed 
PS-FSE  is  similar  to  the  conventional  PS-FSE. 

The  conventional  PS-FSE  consists  of  two  real-valued  adaptive  filters. 
It  is  possible  that  the  two  adaptive  filters  of  the  PS-FSE  converge  to 
wrong  solutions  when  a  blind  algorithm  is  used  at  the  initial  start-up 
period.  This  may  occur  because  a  blind  algorithm  converges  the  two 
adaptive  filters  independently.  As  the  proposed  PS-FSE  employs  only 
one  real-valued  adaptive  filter,  the  possible  wrong  solution  does  not 
occur  in  a  blind  start-up  mode. 

Convergence  analysis  of  Hilbert  transformed  PS-FSE:  In  this 
Section,  we  investigate  the  convergence  and  steady-state  behaviours 
of  a  Hilbert  transformed  PS-FSE,  which  employs  the  least  mean 
square  (LMS)  adaptive  filtering  algorithm.  We  briefly  explain  the 
conventional  PS-FSE,  and  then  propose  a  new  equaliser  structure.  The 
analyses  of  minimum  mean  square  error  (MSE)  and  the  optimum  tap 
coefficients  of  conventional  phase-splitting  equalisers  are  given  in  [1]. 
For  adaptation  of  the  conventional  PS-FSE  taps,  the  LMS  algorithm, 
which  updates  the  tap  coefficients  in  the  opposite  direction  from  the 
noisy  error  gradient,  is  used  as  follows: 

=  «I,s  “ 

Cq.u+I  =  CQ,n  “  $eQ,nrn 


where 


eLn  =  cLtra  -  n.n-d  and  eQ  n  =  -  sQtn_d 

C|(M  and  Cq  *  denote  the  vectors  of  the  in-phase  and  quadrature  tap 
coefficients,  respectively,  rM  is  the  received  real  passband  signal  vector 
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Ion-beam  processing  effects  on  the  thermal  conductivity 
of  n-GaN/sapphire  (0001) 
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We  have  measured  high  spatial/depth  resolution  (2-3  pm)  thermal  conductivity  (k)  at  300  K  before 
and  after  plasma-induced  effects  on  two  series  of  n-G aN  sapphire  (0001)  samples  fabricated  by 
hydride  vapor  phase  epitaxy  using  scanning  thermal  microscopy.  The  sample  thicknesses  were  50 
±5  pm  for  one  set  and  25  ±5  pm  for  the  second.  The  carrier  concentrations  were  —8 
X  IQ16  cm-3  and  ~  1.5X  1017cm-3,  respectively  as  determined  by  Hall  effect  measurements.  The 
thermal  conductivity  before  treatment  was  similar  to  that  previously  reported  for  hydride  vapor 
phase  epitaxy  material  with  comparable  carrier  concentration  and  thickness  [D.  L  Florescu  et  al ,  J. 
Appl.  Phys.  88,  3295  (2000)].  Damage  was  induced  by  ion-beam  processing  the  samples  under 
constant  Ar+  gas  flow  and  pressure  for  a  fixed  period  of  time  (5  min),  with  the  dc  bias  voltage  (  Fdc) 
being  the  only  variable  processing  parameter  (125-500  V).  The  thermal  conductivity  near  the 
surface,  k,  was  found  to  exhibit  a  linear  decrease  with  Fdc  in  the  investigated  range  after  this 
procedure.  A  second  process  was  then  applied  in  order  to  remove  some  damage.  In  this  case  the 
samples  were  processed  under  a  constant  mixture  of  Cl2  and  Ar+  gas  flow  and  Fdc  of  50  V.  For  the 
samples  with  Fdc  in  the  range  125  V<  Fdc^250  V,  k  was  found  to  be  actually  lower  after  the 
damage  removal  process.  The  minimum  k  was  found  at  250  V.  This  is  probably  due  to  Ar+  beam 
channeling  [O.  Breitschadel  et  al. ,  Appl.  Phys.  Lett.  76,  1899  (2000)],  which  has  been  reported  on 
similar  structures  at  this  voltage.  When  the  initial  processing  voltage  was  250  V<Fdc<  500  V,  k 
showed  a  tendency  to  recover  somewhat.  ©  2002  American  Institute  of  Physics . 

[DOI:  10.1063/1.1428798] 


L  INTRODUCTION 

Ion  beams  are  broadly  used  in  the  semiconductor  indus¬ 
try  for  a  wide  range  of  processing  steps,  such  as  dry  etching, 
dopant  implantation,  implant  isolation,  and  material 
characterization.1  Lattice  induced  disorder  is  commonly 
found  to  be  a  side  effect  of  the  ion  bombardment.  Up  to  date 
relatively  few  studies  have  been  reported  on  ion-beam  in¬ 
duced  damage  in  GaN  2~4  GaN  (and  other  group  Ill-nitride 
semiconductors)  has  attracted  considerable  attention  in  re¬ 
cent  years  for  utilization  in  high  power  optoelectronic  and 
electronic  devices,  including  blue/green  light  emitting  diodes 
(LED),  lasers,  and  solid-state  transistors.5"8  These  high 
power/high  temperature  applications  make  thermal  behavior, 
particularly  the  thermal  conductivity  (a),  an  extremely  im¬ 
portant  material  property.  The  substrate’s  ability  to  dissipate 
heat  directly  affects  its  device  performance.  The  thermal  con¬ 
ductivity  of  solid  materials  consists  of  both  lattice  and  etec- 
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tronic  contributions.  The  former  is  a  function  of  the  mean 
free  path  of  the  phonons  and  hence  is  determined  by  both 
intrinsic  (anhaimonie  phonon-phonon  scattering)  and  extrin¬ 
sic  (phonon-defect)  effects.  The  presence  of  generic  defects 
(point,  extended,  process-induced,  etc.)  lowers  the  thermal 
conductivity.  For  carrier  concentrations  ^  1019 cm"3  the 
electronic  thermal  conductivity  is  negligible  in  relation  to  the 
lattice  portion.  The  quantity  k  is  of  importance  from  both 
fundamental  (basic  mechanism  of  phonon  propagation)  and 
applied  (device  modeling,  sample  quality)  perspectives. 
However,  despite  the  considerable  body  of  work,  both  ex¬ 
perimental  and  theoretical,  on  the  electronic,  optical,  and 
structural  properties  of  the  group  Ill-nitride  semiconductors 
relatively  few  investigations  have  been  reported  on  thermal 
conductivity  measurements9-16  or  theory.17"19 

This  paper  will  discuss  the  thermal  conductivity  behav¬ 
ior  before  and  after  inductively  coupled  plasma  processing 
on  two  series  of  hydride  vapor  phase  epitaxy  (HYPE) 
n-GaN/sapphire  (0001)  samples.  The  influence  of  damage 
and  removal  on  k  is  likely  to  be  extremely  important  for 
plasma-processed  devices  and  their  thermal  modeling.  Cer¬ 
tain  GaN  applications,  such  as  blue/green  LEDs,  lasers,  and 
solid-state  transistors,  would  benefit  greatly  from  GaN  with 
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higher  thermal  conductivity,  as  heat  extraction  from  the  de¬ 
vice  becomes  more  efficient  with  higher  k .  Thus  information 
on  the  effects  of  the  technological  processing  steps  affecting 
the  device’s  performance  is  an  important  design  consider¬ 
ation. 

II.  EXPERIMENTAL  DETAILS 

The  GaN  samples  used  in  this  study  were  grown  by  the 
HVPE  method  in  a  vertical-type  reactor.20  A  more  extensive 
description  of  the  growth  procedure  and  parameters  is  pre¬ 
sented  in  Refs.  12  and  14.  Four  5  mmX5  mm  pieces  were 
cut  from  two  different  wafers  and  labeled  set  A  and  set  B. 
For  set  A  the  film  thicknesses  were  50 ±5  jLtm  with  n  — 8 
X  1016em~3,  as  determined  by  Hall  effect  measurements. 
The  high  spatial/depth  resolution  (2-3  /nn)  k  measurements 
were  made  using  a  ThermoMicroscope’s  AutoProbe  M5 
SThM  system.21  A  calibration  method  has  been  developed 
making  possible  the  use  of  this  instrument  for  the  evaluation 
of  absolute  values  of  k,10,12,16  Le.,  with  the  thermoresistive 
tip  in  feedback  the  square  of  the  instrument  output  voltage  is 
proportional  to  the  thermal  conductivity  of  the  specimen  in 
the  calibrated  range. 

A  Unaxis  SLR  (shuttleloek  ready)  inductively  coupled 
plasma  (ICP)-reactive  ion  etching  (RIE)  system  was  used  for 
the  plasma  processing  of  the  samples.  ICP-RIE  is  a  versatile 
technique,  which  is  characterized  by  both  high  plasma  den¬ 
sity  (>10ncm“3)  and  low  chamber  pressure  operation 
(<10  Pa).  Both  the  plasma  density  and  substrate  bias  voltage 
can  be  controlled  independently  of  the  chamber  pressure. 
Operation  at  low  pressure  typically  aids  directionality  of  the 
ion  flux  in  an  ICP-RIE  system.  Normal  incidence  was  used 
for  both  damage  and  damage  removal  procedures.  During  the 
5  min  long  damage-inducing  phase,  the  ICP  coil  power  was 
500  W,  the  chamber  pressure  was  5  Pa,  with  15  seem  Ar+ 
gas  flow.  The  only  variable  processing  parameter  was  Vie, 
which  was  adjusted  to  125,  250,  375,  and  500  V  for  the  four 
pieces  from  each  set.  For  the  five  minute  damage  removal 
procedure  the  ICP  coil  power  was  300  W,  the  chamber  pres¬ 
sure  was  3  Pa,  with  15  seem  Cl2  gas  flow  in  mixture  with  5 
seem  Ar+  gas  flow,  and  Vdc  was  50  V.  The  estimated  depth 
of  removed  film  was  about  70  nm  for  set  A  and  100  nm  for 
set  B,  as  measured  by  a  control  sample.  The  damage  depth  is 
unknown. 

III.  EXPERIMENTAL  RESULTS 
A.  Damage  inducing  procedure 

Before  treatment  the  thermal  conductivity  was  measured 
to  be  L75 ± 0. 1 0 W/cm K  for  set  A,  and  1.82±0.12  W/cmK 
for  set  B.  These  values  are  similar  to  the  thermal  conductiv¬ 
ity  of  HVPE  GaN  material  with  comparable  carrier  concen¬ 
tration  and  thickness.14 

Plotted  in  Figs.  1(a)  and  1(b)  are  k  measured  after  each 
individual  damage  inducing  procedure  as  a  function  of 
on  sets  A  and  B,  respectively.  Representative  error  bam  are 
shown.  The  solid  lines  in  Figs.  1  are  least-square  fits  to  a 
linear  function  with  the  slopes  being  —  0,28 X  10"3/0,22 
X  10“3  W/cmK  V  for  A/B.  The  thermal  conductivity  exhib¬ 
its  a  linear  decrease  with  the  processing  voltage  in  the  inves- 


FIG.  1 .  Thermal  conductivity  before  (open  symbol)  and  after  (solid  symbol) 
the  damage  inducing  procedure  as  a  function  of  the  processing  voltage  of  (a) 
set  A,  and  (b)  set  B,  Representative  error  bars  are  shown.  The  solid  lines  are 
die  least-square  fits  to  a  linear  ftmetion. 

tigated  range  on  both  sets.  At  125  V,  k  was  only  slightly  less 
than  the  untreated  case  for  set  A  (—1.65  W/cmK),  but  ex¬ 
hibited  a  somewhat  larger  drop  for  set  B  (—1.51  W/cmK). 
For  the  500  V  situation  k  had  dropped  to  —0.5  W/cmK  for 
set  A  and  —0.75  W/cmK  for  set  B.  Table  I  summarizes  k 
before  and  after  the  damage  inducing  procedure. 

B.  Damage  removal  procedure 

Shown  in  Figs.  2(a)  and  2(b)  are  k  measured  after  the 
damage  removing  phase  on  sets  A  and  B,  respectively.  Rep¬ 
resentative  error  bars  are  shown.  The  solid  lines  are  guides  to 
the  eye.  For  samples  initially  processed  at  125  V  and  250  V 
the  recorded  k  are  actually  lower  than  the  values  measured 


TABLE  I,  Summary  of  Vdc  and  k  on  sets  A  and  B  before  (A0i  B0)  and  after 
the  damage  inducing  procedure. 


Sample 

vdS) 

*(W/emK) 

0 

1 .75  ±  0.10 

125 

1.65  ±0.08 

250 

1,10  ±0.09 

^3 

375 

0,7G±0.05 

a4 

500 

0.50  ±0.03 

So 

0 

1,82±0,12 

B  i 

125 

1.50  ±0.07 

s2 

250 

1.05  ±0,08 

$3 

375 

0.90  ±0.06 

s4 

500 

0,75  ±0.04 
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FIG.  2.  Thermal  conductivity  after  the  damage  removing  procedure  of  (a) 
set  A,  and  (b)  set  B.  Representative  error  bars  are  shown.  The  solid  lines  are 
guides  to  the  eye. 


after  the  damage  inducing  procedure.  The  further  drop  is 
about  18%-20%  for  the  samples  processed  at  125  V  and 
30%-40%  for  250  V.  The  samples  initially  processed  at  375 
V  and  500  V  show  improvement  in  their  thermal  conductiv¬ 
ity  values,  but  not  full  recovery.  The  highest  k  jump  is  ob¬ 
served  for  Sample  four  Of  Set  A  from  tfafter-damage 
—  0.5  W/cmK  to  ^after-removal ~  1  *05  W/cm  K.  Table  II  sum¬ 
marizes  k  after  the  damage  removal  procedure. 

IV,  DISCUSSION  OF  RESULTS 

A  theoretical  prediction  for  the  thermal  conductivity  of 
GaN  at  room  temperature  was  initially  estimated  by  Slack  to 
be  — 1.7  W/cm  K.17  A  simple  expression  to  calculate  the  ther¬ 
mal  conductivity  of  perfect  dielectric  crystals  at  “high  tem¬ 
peratures”  (>120  K)  was  derived  by  Witek,18  Using  this 
approximation  Witek  estimated  the  room  temperature  ther- 


TABLE  II.  Summary  of  k  on  sets  A  and  B  after  the  damage  removal  pro¬ 
cedure  (f^c=50V), 


Sample 

«<W/cmK) 

1,35  ±0.08 

0.65  ±0.04 

4  3 

0.95  ±0.07 

A'a 

1, 05  ±0,08 

B'i 

1.10±0,07 

B'i 

0.70  ±0,05 

Bi 

0,95  ±0,06 

B\ 

0.90±0.06 

mal  conductivity  of  GaN  to  be  —4,10  W/cmK.  Subsequently 
Berman  confirmed  this  value  by  evaluating  the  300  K  ther¬ 
mal  resistivity  of  GaN.19 

From  kinetic  theory  the  lattice  thermal  conductivity 
(lattice)  is  given  by22 

*lattice(r)  =  ( l/3)usClattjce(r)/(  T),  (1) 

where  vs  is  the  average  velocity  of  sound  (with  only  a  weak 
temperature  dependence),  Ciattice(r)  is  the  lattice  specific 
heat,  and  l(T)  is  the  phonon  mean  free  path.  At  low  tempera¬ 
tures,  extrinsic  effects  such  as  “defects”  and/or  finite  crystal 
size  dominate  L  With  increasing  temperature  (a)  c!attice(T) 
increases  and  then  saturates  when  7Y0D— 0,5,  where  0D  is 
the  Debye  temperature  (—600  K  for  GaN23)  and  (b)  intrinsic 
temperature  dependent  Umklapp  processes  become  domi¬ 
nant,  thus  causing  a  decrease  in  L  This  behavior  is  charac¬ 
teristic  for  semiconducting  and  insulating  materials.22  The 
maximum  thermal  conductivity  (/cmax)  is  reached  at  some 
characteristic  temperature  fch,  where  for  GaN  Tch—  200  K. 10 
Since  at  300  K  we  are  close  to  Tch  for  GaN,  the  thermal 
conductivity  still  has  a  strong  dependence  on  extrinsic  as 
well  as  intrinsic  factors. 

After  the  damage  inducing  procedure,  the  observed  lin¬ 
ear  decrease  of  k  at  room  temperature  with  increasing  ^de 
could  be  attributed  to  a  decrease  in  l  associated  with  addi¬ 
tional  “defects”  being  created  by  the  increasing  bias  voltage. 
In  the  case  of  the  damage  removal  procedure,  material  is 
being  removed  without  appreciable  additional  defects  being 
generated,  although  the  incomplete  recovery  of  k  may  be  an 
indication  of  either  residual  damage  from  the  first  processing 
step  or  additional  damage  introduced  in  the  etch  step.  For 
samples  initially  processed  at  voltages=£250  V  the  defects 
generated  by  the  damage  inducing  beam  lie  deeper  compared 
to  the  samples  for  which  Fdc>250  V.  By  removing  a  thin 
(70-100  nm)  surface  layer  the  former  could  exhibit  a  drop  in 
k,  while  the  latter  may  show  improvement.  The  defects  gen¬ 
erated  for  a  processing  voltage  of  250  V  could  be  the  deepest 
under  the  abovementioned  processing  conditions, 

Breitschadel  et  al24  investigated  the  effects  of  Ar  ion- 
beam  channeling  on  AlGaN/GaN  heterostructures  during  the 
ion-beam  etching  process  by  measuring  the  sheet  resistance 
before  and  after  processing.  They  used  a  constant  dc  bias 
voltage  of  250  V,  and  various  angles  of  beam  incidence.  The 
sheet  resistance  is  proportional  to  the  resistivity.24  The  ratio 
of  the  sheet  resistance  before  and  after  etching  was  measured 
to  be  about  1/9  for  normal  incidence,  clearly  indicating  that 
the  electron  mobility  drops  after  the  dry  etching  process.  The 
effect  was  maximum  at  normal  incidence,  and  vanished  at 
incident  angles>40°.  They  attributed  this  behavior  to  traps/ 
defects  in  the  upper  regions  of  the  layers,  which  were  gen¬ 
erated  during  ion-beam  etching.  A  similar  behavior  could  be 
exhibited  by  k.  The  newly  generated  traps/defects  may  re¬ 
duce  /,  and  hence  k.  Our  experiments  were  performed  at 
normal  incidence,  but  with  different  ion-beam  energies. 
Based  on  these  studies  the  observed  dip  in  k  after  the  dam¬ 
age  removal  procedure  could  be  attributed  to  a  channeling 
effect  of  file  incident  Ar  ion  beam.  This  effect  occurs  for  dc 
bias  voltages  125  V<Fdc=^250  V,  and  is  highest  at  250  V. 
Clearly  more  work  needs  to  be  done  in  this  area. 
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V.  SUMMARY 

Using  SThM  we  have  measured  high  spatial/depth  (2-3 
fim)  resolution  room  temperature  thermal  conductivity  be¬ 
fore  and  after  plasma-induced  effects  on  two  series  of 
n-GaN/sapphire  (0001)  samples  fabricated  by  HYPE.  Before 
treatment  k  was  measured  and  found  to  be  similar  to  earlier 
results  on  HVPE  GaN  material  with  comparable  carrier  con¬ 
centration  and  thickness.  Damage  was  induced  by  processing 
the  samples  under  constant  Ar+  gas  flow  and  pressure  for  a 
fixed  period  of  time,  with  the  dc  bias  voltage  being  the  only 
variable  processing  parameter  (125-500  V).  After  this  pro¬ 
cedure,  k  was  found  to  exhibit  a  linear  decrease  with  Fdc  in 
the  investigated  range.  In  order  to  remove  some  of  the  in¬ 
duced  damage,  the  samples  were  processed  under  a  constant 
mixture  of  Cl2  and  Ar+  gas  flow  and  pressure  for  a  fixed 
period  of  time.  The  dc  bias  voltage  during  this  procedure  was 
50  V.  In  relation  to  its  value  as  a  result  of  the  ion  damage, 
after  damage  removal  k  was  found  to  actually  decrease  for 
the  samples  processed  at  125  V<  Fdc<250  V  and  to  increase, 
but  not  completely  recover,  for  250  V<  Fdc<500  V,  The 
minimum  k  value  was  found  for  an  initial  damage  processing 
voltage  of  250  V.  Ar+  beam  channeling  may  be  responsible 
for  this  behavior. 
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A  metallization  scheme  consisting  of  Ti/Al/Mo/Au  was  utilized  to  develop  low-resistance  ohmic 
contacts  to  AlGaN/GaN  heterostructure  field  effect  transistors  (HFET),  A  contact  resistance  as 
low  as  0.20  Qmm  and  a  specific  contact  resistivity  as  low  as  4.5  x  10~7  Qcm2  were  obtained  using  a 
pre-metallization  surface  treatment  with  SiCLt  plasma  at  a  self-bias  voltage  of  -300  V  in  a  reactive 
ion  etching  (RIE)  system.  X-ray  photoelectron  spectroscopy  (XPS)  measurements  of  the  SiCl4 
plasma-treated  surface  revealed  an  increase  in  the  N  vacancies  thereby  increasing  the  donor  con¬ 
centration  at  the  surface.  Also  a  blue  shift  of  the  peak  energy  of  the  Ga  3d  photoelectrons  was 
observed  showing  that  the  Fermi  level  moved  closer  to  the  conduction  band  at  the  surface  of  the 
AlGaN. 

Introduction  AlGaN/GaN  heterostructure  field  effect  transistors  (HFET)  are  devices 
of  interest  in  the  development  of  high  temperature/high  power  electronics  at  microwave 
frequencies.  To  achieve  efficient,  high  performance  devices  with  high  transconductance 
and  high  saturation  current,  high  quality  ohmic  contacts  with  contact  resistances  less 
than  0.5  Qmm  are  essential.  Ohmic  contacts  to  AlGaN/GaN  HFETs  have  generally 
been  formed  using  Ti/Al  metallization  scheme  [1—3].  In  order  to  prevent  or  minimize 
the  oxidation  of  the  Al,  the  utilization  of  Ni/Au,  Ti/Au,  and  Pt/Au  overlays  in  the  Ti/Al 
metallization  have  been  reported  [4—9].  Recently,  we  have  reported  a  low  resistance 
ohmic  contact  consisting  of  Ti/Al/Mo/Au  metallization  scheme  on  n-GaN  [10].  These 
contacts  exhibited  excellent  ohmic  characteristics  with  a  specific  contact  resistivity  as  low 
as  4.8  x  10-7  Q  cm2  and  were  thermally  stable  at  500  °C  for  350  h.  In  this  paper,  we 
report  Ti/Al/Mo/Au  ohmic  contacts  on  AlGaN/GaN  HFETs,  Previously,  it  was  shown 
that  pre-ohmic  metal  deposition  reactive  ion  etching  (RIE)  of  n-GaN  surface  using  SiCl4 
plasma  improved  the  contact  resistance  of  the  ohmic  contacts  on  n-GaN  [11].  In  this 
work,  we  report  the  effects  of  SiCl4  RIE  on  AlGaN/GaN  HFET  layers  using  transfer 
length  measurements  (TLM).  The  SiCLt  plasma-treated  surfaces  were  profiled  using 
X-ray  photoelectron  spectroscopy  (XPS)  to  study  the  chemical  bonding  at  the  surfaces. 
We  also  report  the  performance  of  Ti/Al/Mo/Au  ohmic  contacts  on  AlGaN/GaN 
HFETs  in  terms  of  the  contact  resistances  and  specific  contact  resistivities. 


Experiment  The  epitaxial  layer  was  grown  using  metalorganic  chemical  vapour 
deposition  (MOCVD)  on  a  c-face  sapphire  substrate.  The  epilayer  consisted  of  an  AIN 
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buffer,  a  1  [xm  unintentionally-doped  GaN  and  a  250  A  n-type  Alo,2oGa0.8oN  with  a 
doping  concentration  of  2  x  1018  cm-3.  The  sheet  carrier  concentration  and  the  mobility 
of  electrons  in  the  channel  were  8.5  x  1012  cm-2  and  1100  cm2  v-1  s-1,  respectively.  The 
layers  were  degreased  and  sonicated  to  remove  organic  contaminants  from  the  surface. 
Mesas  were  etched  using  Cl2/Ar  plasma  in  an  inductively-coupled-plasma  reactive  ion 
etching  (ICP-RIE)  system  to  electrically  isolate  the  various  TLM  structures.  Next, 
ohmic  contact  pads  were  patterned  using  optical  lithography.  Prior  to  metallization,  the 
surfaces  were  treated  using  SiCl4  plasma  for  60  s  in  a  reactive  ion  etching  (RTF.)  system 
at  a  chamber  pressure  of  25  mTorr,  a  SiCl4  flow  rate  of  10  seem,  and  a  plasma  self-bias 
voltage  ranging  from  —100  to  —400  V.  Prior  to  loading  the  sample  in  an  evaporation 
chamber,  they  were  cleaned  in  a  HC1:H20  solution  to  remove  any  surface  oxide  layer. 
Thereafter,  an  ohmic  metallization  consisting  of  Ti  (15  nm)/Al  (60  nm)/Mo  (35  nm)/ 
Au  (50  nm)  was  deposited.  Ti,  Al  and  Mo  were  electron-beam  evaporated  while  Au 
was  thermally  evaporated.  The  TLM  ohmic  pads  were  delineated  using  a  lift-off 
process  and  the  gap  spacings  between  the  TLM  contacts  were  2,  3,  4,  5,  6,  8,  and 
10  pm,  respectively.  The  contacts  were  alloyed  at  850  °C  for  30  s  in  a  N2  ambient  using 
a  rapid  thermal  annealing  (RTA)  furnace.  Current- voltage  ( I-V)  measurements  were 
performed  at  room  temperature  using  an  HP4142B  semiconductor  parameter  analyzer, 
XPS  measurements  were  performed  using  a  Kratos  Axis  ULTRA  X-ray  Photoelectron 
Spectroscopy  system. 

Results  and  Discussion  The  TLM  measurements  were  performed  on  the  AlGaN/GaN 
layers  as  a  function  of  SiCl4  plasma  bias  voltage.  The  contact  resistance  was  measured 
from  a  linear  curve  fit  of  the  measured  resistance  vs.  gap  spacing  plot  and  the  varia¬ 
tions  of  contact  resistance  and  specific  contact  resistivity  of  the  annealed  ohmic  contacts 
on  plasma-treated  surfaces  as  functions  of  the  plasma  self-bias  voltage  are  shown  in 
Fig.  1.  The  contact  resistance  of  the  ohmic  contacts  decreases  from  0.32  Q  mm  in  the 
untreated  sample  to  a  minimum  of  0.23  Q  mm  at  a  plasma  bias  voltage  of  —300  V  and 
thereafter  increases  to  0,26  Q  mm  as  the  plasma  bias  voltage  was  increased  to  —400  V, 
The  specific  contact  resistivity  of  the  ohmic  contacts  also  exhibited  a  similar  trend  with 
a  minimum  value  of  6.5  x  10“7  Q  cm2  for  samples  treated  at  a  plasma  self-bias  voltage 
of  -300  V. 


Fig.  1.  Variations  of  contact  resis¬ 
tance  and  specific  contact  resis¬ 
tivity  of  ohmic  contacts  on 
untreated  and  SiCh  plasma-trea¬ 
ted  AlGaN/GaN  HFET  layers. 
The  conditions  for  the  SiCl4  plas¬ 
ma  RIE  treatment  were 
25  mTorr  and  10  seem  SiCl4  flow 
rate  for  60s  and  the  ohmic  con¬ 
tacts  were  annealed  at  850  °C  for 
30  s  in  a  Ni  ambient  in  a  RTA 
furnace 
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Fig.  2.  Variations  of  contact  resis¬ 
tance  and  specific  contact  resis¬ 
tivity  as  functions  of  rapid  ther¬ 
mal  annealing  temperature.  The 
samples  were  treated  with  SiCLt 
plasma  at  a  bias  voltage  of 
—300  V,  The  ohmic  contacts  were 
annealed  for  30  s  in  a  N2  ambi¬ 
ent  in  a  RTA  furnace 


To  study  the  effects  of  anneal  temperature  on  the  contact  resistance  of  the  ohmic 
contacts,  the  AlGaN/GaN  samples  were  treated  using  SiCl4  plasma  at  a  self-bias 
voltage  of  -300  V.  Annealing  was  carried  out  at  various  temperatures  ranging  from 
600—1000  °C  for  30  s  in  N2  ambient  in  a  RTA  furnace.  Figure  2  shows  the  variations 
of  contact  resistance  and  specific  contact  resistivity  of  the  ohmic  contacts  as  functions  of 
the  anneal  temperature.  The  TLM  measurements  indicate  that  contact  resistance 
decreases  from  2.7  Q  mm  to  a  minimum  of  0.20  Q  mm  as  the  anneal  temperature  is 
increased  from  600  °C  to  800  °C  and  thereafter  increases  to  0.43  Q  mm  as  the  tempera¬ 
ture  is  increased  to  1000  °C.  The  trend  of  the  specific  contact  resistivity  as  a  function  of 
temperature  is  identical  with  a  minimum  value  of  4.5  x  10~7  Q  cm2  obtained  at  an 
anneal  temperature  of  800  °C. 

Figure  3  illustrates  the  XPS  spectra  of  Ga  3d  photoelectrons  taken  at  an  angle  of  30° 
to  normal  deviation.  In  samples  treated  with  the  SiCl4  plasma,  the  peaks  for  the  Ga-N 
bond  indicate  a  blue-shift  of  0,24  eV  towards  the  higher  binding  energies  with  respect 
to  the  Ga-N  bond  on  untreated  samples.  This  suggests  that  the  Fermi  level,  £>,  at  the 
surface  of  the  AlGaN  moved  near  the  conduction  band  edge  due  to  the  plasma  treat¬ 
ment,  resulting  in  the  decrease  of  effective  Schottky  barrier  height  (SBH)  for  electron 
transport.  Table  1  summarizes  the  ratio  of  the  area  under  the  Ga  and  A1  peaks  to  that 


Fig.  3.  XPS  spectra  of  the  Ga  3d  photo¬ 
electrons  at  the  surface  of  1)  untreated, 
and  2)  SiCl4  plasma-treated  samples.  The 
sample  was  treated  with  SiCl4  plasma  for 
60  s  at  a  self  bias  voltage  of  -300  V  in  a 
RIE  system 
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Table  1 

Summary  of  areas  of  Ga  and  Al  peaks  to  N  peak  ratio  from  the  XPS  spectra  of  the 
surface  in  the  untreated  and  SiCLt  plasma-treated  samples 


surface  treatment  of  sample 

(Ga,  Al)/N 

untreated 

0.5674 

SiCl4  plasma-treated 

0.9242 

of  the  N  peak  in  the  untreated  and  SiCl4  plasma-treated  samples.  We  find  that  the  Ga  and 
Al  ratio  to  N  increases  in  the  SiCLt  plasma-treated  sample  indicating  an  increase  in  N 
vacancies.  This  means  that  the  N  atoms  predominantly  escaped  from  the  surface  during 
the  RIE  treatment  thereby  effectively  increasing  the  donor  concentration  at  the  surface. 
This  leads  to  a  higher  electron  concentration  at  the  surface  and  thus  effectively  reducing 
the  contact  resistance  of  the  ohmic  contacts  in  the  SiCl4  plasma-treated  samples. 

Conclusions  In  conclusion,  we  have  applied  a  novel  metallization  scheme  consisting  of 
Ti/Al/Mo/Au  to  develop  low  resistance  ohmic  contacts  for  AlGaN/GaN  HFETs.  A 
contact  resistance  as  low  as  0.20  Q  mm  and  a  specific  contact  resistivity  as  low  as 
4.5  x  10-7  Q  cm2  were  achieved  using  a  pre-metallization  surface  treatment  with  SiCl4 
plasma  at  a  self-bias  voltage  of  —300  V  in  a  RIE  system.  The  ohmic  contacts  were  an¬ 
nealed  at  800  °C  in  a  N2  ambient  in  a  RTA  furnace.  These  features  make  Ti/Al/Mo/Au 
ohmic  contacts  to  AlGaN/GaN  HFETS  very  attractive  for  high  temperature/  high 
power  electronic  device  applications. 
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Several  metallization  schemes  were  investigated  as  ohmic  contacts  to  p-type  GaN/Al.Ga,  ,N  short  period  superlattices  fSl  ^  t-  k 

Tl/P^U’fdeP0f  ?d  after  conventional  surface  cleaning  procedures,  compare  favorably  with  other  ohmic  contacte  s^ 
Z  ~  f  deposited  after  the  two-step  surface  treatments.  Temperature-dependent  transmission  line  measurements  (TLMUh  ^ 

fmiSor,  "r  rcS'St!fCeS  ^  thC  temPerature  ran§e  from  -55  °C  to  200  °C  for  the  contacts  used  in  this  study,  ind£foe  fina 
emission  as  the  mam  conducuon  mechanism.  Semiconductor  sheet  resistances  obtained  through  the  same  measuremen/also  den,™  f  W 
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1*  Introduction 

Rapid  advances  in  the  field  of  Ill-nitride  device  technol- 
°gy  puts  increasing  demand  on  high  performance  ohmic 
contacts  for  both  n-type  and  p-type  materials.  A  number  of 
different  techniques  utilized  to  obtain  ohmic  contacts  on  p- 
type  GaN  with  specific  contact  resistances  (Rc)  on  the  order 
of  10  to  10'  have  been  reported  over  the  last  year,  includ¬ 
ing  the  use  of  GaN/AlxGaKxN  short  period  superlattices 
(SL)  or  InxGaj_xN/GaN  SL,1*55  and  using  ultrasonic  surface 
cleaning  in  buffered  oxide  etch  (Le„  the  so-called  “two- 
step  surface  treatment)  prior  to  metal  evaporation.6^  A 
significantly  increased  spatially  averaged  hole  concentra¬ 
tion  in  Mg-doped  SL  was  observed  with  variable  tempera¬ 
ture  Hall  measurements.3^  On  the  other  hand.  Hall  meas¬ 
urements  and  temperature  dependent  TLM  analysis  showed 
that  prolonged  cleaning  in  the  “two-step”  process  may  also 
significantly  increase  the  concentration  of  carriers  near  the 
surface  of  p-GaN.7)  In  this  paper,  we  present  results  from 
temperature  dependent  TLM  study  of  ohmic  contacts  fabri¬ 
cated  using  both  conventional  cleaning  and  the  “two-step” 
surface  treatment  techniques. 

2.  Experimental 

The  superlattice  layers  used  in  this  study  were  grown  by 
molecular  beam  epitaxy  on  sapphire  and  consisted  of  20 
periods  each  of  Mg-doped  GaN  (10  nm)  and  AlxGaj_xN  (10 
nm).  Samples  with  two  different  aluminum  concentrations, 
x-0.1  and  0.2,  were  investigated.  Both  samples  exhibited  a 
mobility  of  -1  cm2V‘Vl  from  room  temperature  Hall 
measurements.  Actual  A1  mole  fraction  was  confirmed  by 
reciprocal  space  mapping  using  a  Philips  X’Pert  high  reso¬ 
lution  X-ray  diffractometer.  The  reference  p-type  GaN 
layer  used  in  this  study  was  grown  using  metalorganic 
chemical  vapor  deposition  and  has  a  0.3  pm  doped  layer 
with  a  nominal  bulk  carrier  concentration  of  2.0xl017  cm'3 
and  a  mobility  of  9  cmW  as  obtained  from  Hall  meas¬ 
urements  at  room  temperature.  Contact  resistances  were 
determined  using  the  linear  transfer  length  method  (TLM), 
The  structures  used  for  the  TLM  measurements  were  fabri¬ 
cated  by  first  patterning  the  p-GaN  and  SL  samples  with 


100  x  650  pm  mesas.  The  pattern  was  then  transferred  into 
die  samples  using  reactive  ion  etching,  which  electrically 
isolated  the  mesas.  Rectangular  pads  were  then  patterned. 
Prior  to  transferring  the  samples  into  the  evaporation 
chamber,  the  surfaces  were  cleaned  in  02  plasma,  followed 
by  dips  in  a  dilute  HC1:DI  (1:2)  solution  before  metal 
deposition,  ‘Two-step”  surface  treatments  were  used  to 
prepare  the  surface  for  the  deposition  of  metals  other  than 
Ti/Pt/Au,  This  treatment  consists  of  a  10-minute  ultra¬ 
sonic  clean  in  buffered  oxide  etch  (BOB)  prior  to  pattem- 
ing,  and  a  second  BOB  clean  before  metal  evaporation. 
Electron  beam  evaporation  was  used  to  deposit  Ti  (15  nm) 
and  Pt  (50nm),  while  Au  (8Gnm)  was  thermally  evaporated 
as  die  last  capping  layer.  In  order  to  reduce  experimental 
variables,  all  other  bilayer  metal  contacts  deposited  contain 
500  A  of  the  first  contacting  metal,  plus  an  Au  cap  layer  of 
800  A,  Post-deposition  heat  treatment  was  carried  out 
while  flowing  N2  at  1  atmosphere  in  a  rapid  thermal  anneal¬ 
ing  (RTA)  system.  The  contact  characteristics  were  studied 
using  current-voltage  (I-Y)  and  four-probe  linear  TLM 
techniques  at  temperatures  from  -55  °C  to  200  °C  on  a 
variable-temperature  probe  station  equipped  with  an  N2- 
purged  sample  chamber. 

3,  Results  and  Discussions 

Ni/Au  is  one  of  the  most  widely  used  ohmic  contacts  to 
p-type  GaN  and  Fig,  1  shows  the  current-voltage  (I-V) 
characteristics  of  Ni/Au  (500  A/800  A)  on  the  reference  p- 
GaN  and  SL  after  annealing  at  500  °C  for  1  minute.  In 
both  cases,  better  linearity  was  observed  in  the  I-V  charac¬ 
teristics  of  the  contact  after  prolonged  ultrasonic  cleaning 
in  the  BOE.  The  specific  contact  resistance  (RJ  for  the 
annealed  Ni/Au  contact  was  3xlG'4  O-cm2  on  the 
GaN/ Al0,2G%gN  SL  after  annealing. 

Rc  of  bilayer  ohmic  contacts  on  GaN/Al^Ga^N  SL  de¬ 
creases  with  increasing  metal  work  function  of  the  first 
contacting  layer.  This  dependence  of  on  metal  work 
function  can  be  seen  in  Fig.  2,  which  shows  higher  cujnrent 
at  a  given  voltage  for  Pt/Au  compared  to  other  bilayer  con¬ 
tacts,  including  the  Ni/Au  contact  shown  in  Fig.  1,  which  is 
presented  using  the  same  scale.  Rhenium  was  included  in 
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our  study  because  it  exhibits  superior  thermal  stability 
compared  to  both  Pd  and  Pt  on  GaN,S)  However,  due  to  its 
lower  work  function  of  5.0  eV,  the  I-V  curve  was  slightly 
Schottky.  In  all  cases,  the  bilayer  contacts  started  to  de¬ 
grade  at  annealing  temperatures  higher  than  550  °C;  the 
temperatures  were  below  those  required  for  significant 
metallurgical  reactions  between  GaN  and  these  metals. 
One  possible  origin  of  this  degradation  is  temperature- 
induced  microstructural  changes  in  the  conductive  near¬ 
surface  layer  created  by  the  BOE  etching. 


Temperature-dependent  TLM  analysis  was  carried  out  to 
study  the  electronic  transport  mechanism  of  these  contacts. 
The  results  are  presented  in  Fig.  3,  which  plots  the  log  (Rc) 
vs.  1000/T,  An  almost  flat  Rc  over  a  wide  temperature 
range  from  -55  °C  to  200  °C  is  an  indication  that  field 
emission  is  the  dominant  transport  mechanism  for  these 
ohmic  contacts  on  the  SL.  Based  on  the  theory  of  metal- 
semiconductor  contacts,  field  emission  will  dominate  the 
current  transport  when  the  tunneling  parameter  satisfies  the 
condition  that  Eoo/kT»l, 


-i  n 
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Fig.  1  I-V  characteristics  of  Ni/Au  (50nm/80nm)  con¬ 
tacts  after  annealing  for  500  °C  for  1  minute.  The  sample 
surface  was  ultrasonically  cleaned  with  BOE  unless  other¬ 
wise  stated,  20%-SL  represents  GaN/Al&2Gao.8N-SL. 


Fig,  2  also  demonstrates  the  effectiveness  of  Ti/Pt/Au 
contact,  which  exhibits  lower  resistance  than  all  of  the  bi¬ 
layer  metallizations  investigated  in  this  study.  The  low 
resistance  with  Ti/Pt/Au  contact  was  achieved  with  only 
conventional  cleaning  of  the  sample  surface,  i.e.,  HC1  dip 
prior  to  metal  evaporation. 


-10  -8  -6  -4  -2  0  2  4  6  8  10 
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Fig.  2  Best  I-V  characteristics  exhibited  by  different  con¬ 
tacts  on  GaN/AlfuGao.gN-SL  after  annealing.  The  surfaces 
were  ultrasonically  cleaned  with  BOE  prior  to  photoresist 
patterning,  except  for  Ti/Pt/Au, 


2,0  3,0  4.0  5,0 


1000/T  (K'1) 

Fig.  3  Temperature-dependent  TLM  measurement  of 
various  contacts  on  GaN/AlxGaj.xN-SL, 


The  tunneling  parameter  Eqq  is  defined  as:95 

qh  fj^T 

iSQQ  - 

4nymhes 

=  1.85xl<Tn 


(mh/m0)(es/e0)_ 


«1.85xl0-n  - - - 

[(A  /120a)ielAeQ)_ 

where  the  terms  have  their  usual  meanings.  A**  is  the  ef¬ 
fective  Richardson  constant  and  a  is  a  fitting  parameter 
which  can  be  found  from  Norde  plots  obtained  from  I-V-T 
measurements.  Na  for  the  GaN/AIaaGa^gN  SL  layer  is 
4x1 01S  cm'3  at  room  temperature  from  Hall  measurements.25 
Our  study  of  Ni  and  Re  Schottky  barriers  on  GaN  and 
ALGa^N  indicate  that  A**  can  be  as  small  as  only  1%  of 
the  theoretical  value,105  therefore  a  is  far  smaller  than  1. 
Putting  these  values  into  the  above  equation  and  we  can  see 
that  Eoo/kT»l,  which  satisfies  the  criteria  for  a  field  emis¬ 
sion  dominated  transport  regime. 


For  a  tunneling  contact,  the  specific  contact  resistance 
Rc  oc  exp 4^ a\  B^ed  on  the  Schottky-Mott  model 
of  metal-semiconductor  contacts,  the  metal-semiconductor 
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barrier  height  is  related  to  the  work  function  of  the  metal 
0m  and  the  electron  affinity  of  a  p~type  semiconductor  %s  by 
0b=  (%s  +Eg)  -  §m.  Therefore,  metals  with  high  work  func¬ 
tions  are  expected  to  give  smaller  values,  which  is  con¬ 
sistent  with  the  results  shown  in  Figure  2,  Pt,  with  a  cj)m  of 
5,65  eV,  has  the  highest  work  function  of  all  metals  and  is 
chemically  stable  up  to  700  °C  on  GaN.85  However,  ex¬ 
periments  have  shown  that  Pt  suffers  from  poor  adhesion 
on  GaN  and  therefore,  a  thin  Ti  layer  is  used  to  improve 
adhesion  as  well  as  getter  surface  oxides.  The  excellent 
ohmic  contacts  obtained  in  this  study  for  Ti/Pt/Au  shows 
that  Ti  has  been  quite  effective  in  these  roles. 

The  semiconductor  sheet  resistance  (RJ  obtained  from  a 
TLM  test  has  contributions  from  the  reacted  layer  under¬ 
neath  the  metal  contact  as  well  as  from  the  bulk  semicon¬ 
ductor,  Auger  electron  spectroscopy  shows  that  the  reacted 
layer  is  less  than  20  nm  thick  for  the  Ti/Pt/Au  contact,  in  a 
shallow  contact,  the  measured  sheet  resistance  is  very  simi¬ 
lar  to  that  of  the  bulk  material  prior  to  metal  deposition  and 
exhibits  similar  temperature  dependence.  The  log  (Rs)  vs, 
10Q0/T  plot  shown  in  Figure  4  clearly  demonstrates  this. 
Arrhenius  activation  energies  can  be  extracted  from  the 
slopes  of  the  lines  shown  in  Figure  4,  Ni/Au  contacts  did 
not  exhibit  linear  characteristics  on  GaN/Al^Ga^  SL 
and  is  omitted  from  the  plot.  It  is  seen  that  the  slopes  for 
Pd/Au  and  Ti/Pt/Au  on  GaN/AloaGa^N  SL  are  similar, 
which  are  calculated  to  be  about  90  meY.  The  activation 
energies  obtained  from  the  three  metallizations  on 
GaN/Al0  2G%sN  SL  are  also  similar,  and  cluster  around  60 
meV,  Both  of  these  values  agree  very  well  with  the  results 
obtained  from  conductivity  measurements  using  variable 
temperature  Hall  analysis,2'35  In  contrast,  the  activation 
energy  for  Mg  acceptors  in  p-GaN  is  about  200  meV.2) 


lizatioo  compares  favorably  to  other  schemes  investigated 
in  this  study.  In  addition,  low  resistivity  can  be  obtained 
for  the  Ti/Pt/Au  contacts  without  a  prolonged  ultrasonic 
cleaning  in  BOB,  which  is  required  for  other  bilayer 
metallizations  to  achieve  good  contacts.  Temperature- 
dependent  TLM  study  shows  that  the  current  transport  is 
dominated  by  field  emission,  which  benefited  from  lowered 
dopant  activation  energies  for  the  SL  compared  to  p-GaN. 
Temperature  stability  study  is  still  on  going.  Preliminary 
results  indicate  degradation  of  all  ‘‘two-step5’  treated  con¬ 
tacts  at  temperatures  above  550  °C  while  Ti/Pt/Au  contacts 
degraded  after  annealing  at  above  500  °C, 
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Fig.  4  Dependence  of  sheet  resistance  on  temperature  ex- 
hibited  by  different  contacts  on  GaN/AbGa^N-SL  after 
annealing.  The  surfaces  were  ultrasonically  cleaned  with 
BOE  prior  to  photoresist  patterning,  except  for  Ti/Pt/Au. 

3,  Conclusion 

We  have  studied  a  number  of  metallization  schemes  on 
GaN/AljGa^N  short  period  superlattices.  Ti/Pt/Au  metal- 
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ABSTRACT 

Improved  performance  of  the  ohmic  contacts  on  n-GaN  has  been  demonstrated  with  the 
use  of  MoAu  as  the  capping  layer  on  TiAl  metallization.  Contact  resistance  as  low  as 
0.13  Q-mm  was  achieved  in  these  ohmic  contacts  when  annealed  at  850  °C  for  30  s.  We 
have  studied  the  long-term  thermal  stability  of  these  contacts  at  500  °C,  600  °C,  750  °C 
and  850  C,  respectively.  Ti/Al/Mo/Au  metallization  forms  low-contact  resistance  ohmic 
contacts  on  n-GaN  that  are  stable  at  500  °C  and  600  °C  after  25  h  of  thermal  treatment. 
The  ohmic  contact  performance  degrades  after  10  h  of  thermal  treatment  at  750  °C  while 
the  contacts  exhibit  non-linear  current-voltage  characteristics  after  1  h  of  thermal 
treatment  at  850  °C,  with  the  formation  of  oxide  on  the  surface  of  the  contacts 
accompanied  by  surface  discoloration.  The  intermetallic  reactions  taking  place  in  the 
contacts  during  the  long-term  thermal  treatments  were  studied  using  Auger  electron 
spectroscopy  and  the  surface  morphology  was  characterized  using  atomic  force 
microscopy. 
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INTRODUCTION 


GaN-based  materials  are  direct  wide-band-gap  semiconductors  that  have 
found  many  device  applications.  Such  applications  include  opto-electronic  devices  such 
as  photo-detectors,  blue/ultraviolet  laser  diodes,  light  emitting  diodes,  metal- 
semiconductor  field  effect  transistors  (MESFETs),  and  high  electron  mobility  transistors 
(HEMTs).1'6  MESFETs  and  HEMTs  are  important  for  high  power  and  high  temperature 
electronics.  These  devices  require  low  resistance,  thermally  stable  ohmic  contacts  to 
operate  efficiently  at  high  temperature  and  high  frequency.  Many  metallization  schemes 
have  been  proposed  for  ohmic  contacts  on  n-GaN.7"12  Among  these,  Ti/Al  has  become 
the  metallization  scheme  of  choice  to  achieve  low  resistance  ohmic  contacts  on  n-GaN. 
Since  the  Ti  and  Al  layers  are  easily  prone  to  oxidation,  ohmic  contact  resistance 
degrades  with  prolonged  exposure  to  ambient  atmosphere  and  also  during  annealing  at 
elevated  temperatures.  Ti/Au,  Pt/Au,  Ni/Au  have  been  used  as  capping  layers  to  prevent 
the  oxidation  of  the  underlying  metal  layers.13-15  Recently,  we  have  reported  the  use  of 
Mo/Au  as  the  capping  layer  on  Ti/Al  ohmic  metallization  to  achieve  low  resistance, 
thermally  stable  ohmic  contacts  on  n-GaN.16  The  use  of  Mo/Au  prevented  the  oxidation 
and  lateral  flow  of  Ti/Al  layers  when  the  contacts  were  annealed  at  high  temperatures. 
Also,  smooth  surface  morphology  was  achieved  in  these  ohmic  contacts.  Ti/Al/Mo/Au 
ohmic  contacts  were  stable  after  thermally  aging  these  contacts  at  500  °C  for  350  h  in  a 
furnace.  In  this  paper,  we  present  more  details  on  the  long-term  thermal  stability  of 
Ti/Al/Mo/Au  ohmic  contacts  on  n-GaN  at  high  temperatures  and  study  the  electrical 
properties  of  these  contacts  after  long-term  thermal  treatment  using  linear  transfer  length 
measurements  (TLM).  The  interactions  between  the  various  metal  layers  and  the  GaN 
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epilayer  during  annealing  were  investigated  by  depth  profiling  using  Auger  electron 
spectroscopy  (AES)  and  the  surface  morphology  was  characterized  using  atomic  force 
microscopy  (AFM), 

EXPERIMENTAL  PROCEDURE 

The  epitaxial  GaN  layer  used  in  this  work  was  grown  on  a  sapphire 
substrate  using  metalorganic-chemical  vapor  deposition.  A  1  pm-thick  undoped  semi- 
insulating  GaN  on  an  AIN  buffer  layer  was  grown  on  the  sapphire  substrate  followed  by 
1  pm-thick,  Si  doped  n-GaN  layer.  From  Hall  measurements,  the  bulk  carrier 
concentration  was  measured  to  be  lx  1018  cm'3  and  the  mobility  was  ~  250  cmVV-s.  The 
layers  were  degreased  and  sonicated  in  acetone  and  iso-propyl  alcohol  and  blow-dried 
using  N2  to  remove  the  organic  contaminants  on  the  surface.  Mesas  were  etched  using 
Cfz/Ar  plasma  in  an  inductively-coupled-plasma  reactive  ion  etch  (ICP-RIE)  system  to 
electrically  isolate  the  various  TLM  structures.  Next  the  ohmic  contact  pads  were 
patterned  using  optical  lithography.  Prior  to  metallization  the  surfaces  were  treated  using 
SiCLi  plasma  in  reactive  ion  etching  (RIE)  system  with  a  SiCLt  flow  rate  of  10  seem  and  a 
plasma  self-bias  voltage  of -3 00  V,  and  followed  by  a  buffered  oxide  etch  (BOE)  and  DI 
water  rinse  to  remove  any  surface  oxide,17  Thereafter,  an  ohmic  metallization  consisting 
of  Ti  (15  nm)  /A1  (65  mn)  /  Mo  (X  nm)  /  Au  (50  nm)  was  deposited.  To  study  the  effect 
of  thickness  of  Mo  on  the  electrical  performance  of  these  contacts,  three  different 
samples  were  prepared  with  the  thickness  (X)  of  the  Mo  layer  being  25  nm,  35  nm  and  50 
nm,  respectively.  Ti,  A1  and  Mo  were  electron-beam  evaporated  while  Au  was  thermally 
evaporated.  The  TLM  ohmic  pads  were  delineated  using  a  lift-off  process  and  the  gap 
spacings  between  the  TLM  contacts  were  2,  3,  4,  5,  6,  8,  and  10  pm,  respectively.  The 
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contacts  were  alloyed  at  several  temperatures  ranging  from  750  °C  to  900  °C  for  30  s  in 
N2  ambient  in  a  rapid  thermal  annealing  (RTA)  furnace.  Current-voltage  (I-V) 
measurements  were  made  at  room  temperature  using  an  HP4142B  semiconductor 
analyzer.  AES  spectra  were  taken  using  a  Physical  Electronics  Incorporated  660 
Scanning  Auger  Multiprobe  with  a  5  keV  primary  electron  beam,  incident  at  an  angle  of 
30°  to  the  surface  normal  and  the  spot  size  of  the  e-beam  was  0.3  pm.  The  samples  were 
sputtered  with  a  750  eV,  34  pA/cm2  Ar  ion  beam  and  the  AES  spectra  were  analyzed 
using  PEI  Multipak  software  ver.  6.0.  The  depth  profiles  were  obtained  by  monitoring 
the  distributions  of  the  various  elements  in  the  contacts  such  as  Ti  (421  eV),  A1  (1396 
eV),  Mo  (2044  eV),  Au  (2022  eV),  Ga  (1069  eV),  N  (389  eV),  O  (510  eV)  and  C  (275 
eV).  The  peak  electron  energies  monitored  are  given  in  parenthesis.  The  AFM 
measurements  were  performed  with  a  Digital  Instruments  3000  scanning  atomic  force 
microscope  and  the  micrographs  were  analyzed  using  Nanoscope  Vision  software  ver. 
4.0.  The  root  mean-square  (RMS)  value  for  surface  roughness  of  these  contacts  was 
measured  from  analysis  of  a  5x5  pm2  area  on  the  sample.  The  annealed  contacts  were 
placed  in  a  furnace  with  N2  gas  flow  to  study  the  long-term  thermal  stability  of  these 
contacts.  The  samples  were  not  sealed  in  evacuated  ampoules  when  thermally  treated  in 
the  furnace, 

EXPERIMENTAL  RESULTS  AND  DISCUSSION 

The  ohmic  performance  of  the  Ti/Al/Mo/Au  contacts  on  n-GaN  was 
characterized  by  measuring  the  contact  resistance  and  specific  contact  resistivity  using  I- 
V  measurements  method.  Figure  1  shows  the  I-V  responses  measured  on  the  TLM  pads 
with  a  gap  spacing  of  5  pm.  The  I-V  curves  are  plotted  as  a  function  of  the  anneal 
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temperature  varying  from  750  °C  to  900  °C.  The  I-V  response  of  the  as-deposited  ohmic 
contacts  is  shown  in  the  inset.  The  as-deposited  ohmic  contacts  displayed  non-linear  I-V 
response  while  the  annealed  contacts  are  ohmic.  The  resistance  of  the  ohmic  contacts 
decreased  as  the  anneal  temperature  increased  from  750  °C  to  900  °C  with  the  contacts 
annealed  at  850  °C  exhibiting  the  minimum  resistance.  The  contact  resistance  is 
extracted  from  a  linear  curve  fit  of  the  measured  resistance  vs  gap  spacing  plot.  The  y- 
intercept  (2Rc)  and  the  slope  determine  contact  resistance  (Rc)  and  sheet  resistance  (Rs), 
respectively.  The  value  for  specific  contact  resistivity  (pc)  is  calculated  from  Rc  and  the 
x-intercept.  The  contact  resistance  and  specific  contact  resistivity  of  the  ohmic  contacts 
on  n-GaN  were  measured  as  a  function  of  the  anneal  temperature  and  the  results  averaged 
over  several  TLM  structures  are  summarized  in  Fig.  2.  The  contact  resistance  (specific 
contact  resistivity)  of  the  ohmic  contacts  with  a  Mo  thickness  of  25  nm  varied  from  0.24 
fi-mm  (6><10'6  O-cm2)  at  an  anneal  temperature  of  750  °C  to  a  minimum  of  0.13  fi-mm 
(1.5xl0'6  Q-cm2)  at  an  anneal  temperature  of  850  °C,  and  thereafter,  the  contact 
resistance  increased  as  the  anneal  temperature  was  increased.  Contacts  with  a  Mo 
thickness  of  35  nm  exhibited  a  variation  in  the  contact  resistance  from  0.20  Q-mm 
(4x1  O'6  Q-cm2)  when  annealed  at  750  °C  to  a  minimum  contact  resistance  of  0.17  Q-mm 
(2.4xl0"6  Q-cm2)  when  the  contacts  were  annealed  at  850  °C.  The  contacts  with  a  Mo 
thickness  of  50  nm  exhibited  a  minimum  value  of  contact  resistance  of  0,16  Q-mm 
(2.3x10  6  Q-cm2)  when  annealed  at  750  °C.  The  specific  contact  resistivity  of  these 
ohmic  contacts  exhibits  a  similar  trend  as  a  function  of  the  Mo  thickness.  The  contact 
resistance  of  these  ohmic  contacts  is  more  or  less  constant  when  varying  the  anneal 
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temperature  from  750  °C  to  900  °C,  Thus  there  is  no  significant  dependence  in  the 
performance  of  these  ohmic  contacts  on  the  thickness  of  the  Mo  layer. 

Ohmic  contacts  with  a  Mo  thickness  of  25  nm  annealed  at  850  °C  for  30  s 
were  used  to  investigate  the  performance  of  these  contacts  during  long-term  thermal 
aging  process.  Long-term  thermal  stability  experiments  were  performed  by  treating  the 
annealed  ohmic  contacts  at  500  °C,  600  °C,  750  °C  and  850  °C,  respectively  for  25  hours. 
The  contact  resistance  of  the  ohmic  contacts  was  measured  at  various  intervals  of  time 
and  the  results  are  plotted  in  Fig.  3.  From  the  results,  we  can  infer  that  that  the 
Ti/Al/Mo/Au  ohmic  contacts  are  thermally  stable  up  to  600  °C  even  after  25  hours  of 
thermal  treatment.  The  contact  resistance  does  not  change  significantly  (<  10%)  during 
the  long-term  thermal  aging  process  at  500  °C  and  600  °C.  When  the  contacts  were  heated 
at  750  °C,  the  contact  resistance  degraded  rapidly  after  10  hours  of  thermal  treatment  and 
when  the  temperature  was  increased  to  850  °C,  the  ohmic  contacts  degraded  after  1  hour 
of  thermal  treatment.  The  contacts  exhibited  a  non-linear  I-V  response  when  they  were 
degraded  and  hence  the  contact  resistance  was  not  measured  in  this  case. 

Figure  4  shows  the  AES  depth  profile  of  as-deposited  Ti/Al/Mo/Au  ohmic 
contacts  on  n-GaN.  Ti,  Al,  Mo,  Au  layers  are  clearly  demarcated  on  the  GaN  substrate  in 
the  spectra.  The  N  layer  is  seen  to  encompass  the  Ti  peak  suggesting  the  formation  of  a 
Ti-N  compound  at  the  GaN  interface  even  before  annealing  the  contacts.  This  is 
consistent  with  the  previously  published  reports  on  Ti/Al  ohmic  contact  on  n-GaN 
studied  using  transmission  electron  microscopy  (TEM)  measurements.18  There  is  a  trace 
of  O  in  the  Mo  layer  indicating  that  the  source  may  have  gettered  oxygen  resulting  in 
trace  amounts  of  Mo-0  compound.  The  AES  depth  profile  of  the  Ti/Al/Mo/Au  ohmic 
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contacts  annealed  at  850  °C  for  30  s  is  shown  in  Fig.  5  and  it  is  seen  that  there  is 
significant  intermixing  between  the  various  metals.  A1  is  uniformly  distributed  in  the 
contact  and  Ti  has  out-diffused  to  the  surface  of  the  contact,  Au  and  Mo  have  moved 
towards  the  GaN  interface  but  haven’t  diffused  into  the  GaN  layer.  N  has  out  diffused 
from  the  substrate  to  the  surface  of  the  contact.  The  O  level  on  the  surface  is  increased 
when  compared  to  the  as-deposited  sample  indicating  the  formation  of  an  oxide  on  the 
surface  of  the  ohmic  contact  during  the  annealing  process. 

Figure  6  shows  the  AES  depth  profile  for  the  contacts  annealed  at  850  °C 
for  30  s  and  then  thermally  treated  at  500  °C  for  10  h.  O  and  Ti  depth  profiles  are  similar 
to  those  shown  in  Fig.  5.  Mo  and  Au  layers  are  seen  to  penetrate  further  into  the  Ga-N 
interface.  Since  the  metals  in  the  ohmic  contact  have  diffused  into  the  GaN  epilayers,  Ga 
is  present  after  30  minutes  of  depth  profiling  when  compared  to  the  annealed  contact 
where  in  Ga  is  present  after  40  minutes  of  sputtering.  A1  layer  thickness  is  a  maximum  at 
the  surface  and  decreases  as  we  go  towards  the  Ga-N  interface.  The  O  layer  is  found  to 
mimic  the  A1  depth  profile  and  thus  the  oxide  layer  can  be  deduced  to  be  an  Al-0 
compound.  The  ohmic  contacts  exhibit  a  linear  I-V  response  when  annealed  at  500  °C 
for  10  h  in  spite  of  the  in-diffusion  of  Au  and  Mo  layers  and  the  increase  in  the  surface 
oxide  as  indicated  by  the  AES  depth  profiles. 

Figure  7  shows  the  AES  depth  profile  for  the  contacts  annealed  at  850  °C 
for  30  s  and  then  thermally  treated  at  850  °C  for  5  h.  From  Fig.  3,  it  is  seen  that  the 
ohmic  contacts  have  degraded  after  2  h  of  long-term  thermal  treatment  of  the  annealed 
ohmic  contacts  at  850  °C.  Figure  7  is  the  AES  depth  profile  of  a  degraded  ohmic  contact, 
which  shows  a  non-linear  I-V  response.  From  the  figure,  we  observe  significant  increase 
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in  the  surface  oxide  compared  to  the  previous  AES  depth  profiles.  Also  the  O  and  A1 
layers  exhibit  a  similar  trend  thereby  indicating  that  the  oxide  formed  is  an  Al-0 
compound.  The  increase  in  oxide  layer  in  the  ohmic  contact  can  be  attributed  to  the  O2 
presence  in  ambient  in  the  heating  furnace,  in  spite  of  the  N2  flow.  Mo  and  Au  layers 
have  penetrated  deep  into  the  Ga-N  interface  while  Ti  layer  is  similar  to  that  found  in  the 
previous  AES  depth  profiles.  Ga  layer  is  detected  after  30  minutes  of  sputtering  as  seen 
in  the  AES  depth  profile  of  the  annealed  ohmic  contact  thermally  treated  at  500  °C  for  10 
h.  N  is  present  throughout  the  contact  indicating  the  out-diffusion  of  N.  Thus  when  the 
contacts  have  degraded,  the  Au  and  Mo  layers  are  diffused  deep  into  the  GaN  layer  and 
there  is  significant  presence  of  oxide  in  the  ohmic  contacts. 

The  AFM  scans  of  the  surface  of  the  un-annealed  ohmic  contacts  and  the 
contacts  annealed  at  850  °C  are  shown  in  Fig.  8  and  Fig.  9.  The  RMS  values  for  surface 
roughness  for  the  un-annealed  and  annealed  contacts  are  measured  to  be  3  nm  and  26  nm, 
respectively.  After  long-term  thermal  treatment  at  850  °C  for  5  h,  the  RMS  value  for 
surface  roughness  increased  to  44  nm.  Micrographs  of  the  ohmic  contact  surface  prior  to 
annealing  and  after  annealing  at  850  °C  for  30  s  and  after  long-term  thermal  treatment  at 
500  °C  for  10  h  and  at  850  °C  for  5  h  are  shown  in  Figs  10(a),  10(b),  10(c)  and  10(d), 
respectively.  The  un-annealed  contact  surface  is  smooth  while  the  annealed  ohmic 
contacts  are  seen  to  have  rough  textured  surfaces.  The  contact  surface  color  changed 
from  a  dark  gold  color  in  the  un-annealed  contacts  to  a  light  tan  color  in  the  annealed 
contacts  and  to  a  dark  tan  color  in  the  contacts  thermally  treated  at  500  °C  for  10  h  and  to 
golden  bluish  green  color  when  the  contacts  were  thermally  treated  at  850  °C  for  5  h. 
This  discoloration  is  indicative  of  oxide  formation  on  the  surface  of  the  contacts  and  the 
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ohmic  performance  of  the  contacts  degraded,  exhibiting  a  non-linear  I-V  response  in  this 
case.  The  metal  contacts  also  became  brittle  and  peeled  away  when  probed  for  I-V 
characteristics. 

SUMMARY 

Improved  performance  of  the  ohmic  contacts  has  been  demonstrated  with 
the  use  of  MoAu  as  the  capping  layer  on  TiAl  metallization.  Contact  resistance  as  low  as 
0.13  O-mm  was  achieved  in  these  ohmic  contacts  when  annealed  at  850  °C  for  30  s.  Also 
the  long-term  thermal  stability  of  these  contacts  at  high  temperatures  has  been  studied. 
Ti/Al/Mo/Au  metallization  forms  low-contact  resistance  ohmic  contacts  on  n-GaN  that 
are  stable  at  600  °C  after  25  h  of  thermal  treatment.  The  ohmic  contact  performance 
degrades  at  higher  temperature  with  the  formation  of  oxide  on  the  surface  of  the  contacts 
and  surface  discoloration  is  seen  in  this  case  and  also  the  contacts  become  brittle.  There 
was  no  significant  change  in  the  performance  of  the  ohmic  contacts  when  the  thickness  of 
the  Mo  layer  was  increased.  In  Ti/Al/Mo/Au  ohmic  contacts,  the  Au  and  Mo  layers 
penetrate  into  the  GaN  epilayer  when  the  annealed  ohmic  contacts  were  thermally  treated 
at  high  temperatures  and  also  there  was  significant  growth  of  oxide  in  the  ohmic  contacts. 
The  degradation  of  the  ohmic  contacts  when  thermally  aged  at  high  temperatures  can  be 
attributed  to  the  in-diffusion  of  Au  and  Mo  layers  and  also  to  the  oxide  formation  in  these 
contacts.  The  exact  mechanism  of  ohmic  contact  formation  is  not  clearly  understood  and 
is  the  subject  of  interest  for  future  research.  The  performance  of  these  contacts  when 
thermally  treated  in  evacuated  ampoules  is  to  be  studied  in  the  future  to  ascertain  whether 
the  oxidation  of  the  contacts  or  the  in-diffusion  of  metal  layers  is  the  cause  for  the 
degradation  of  the  ohmic  contacts. 
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Fig.  1.  Current- voltage  characteristics  of  Ti  (15  nm)/  A1  (60  nm)/  Mo  (25  ran)/  Au  (50 
ran)  ohmic  contacts  on  n-GaN  as  a  function  of  the  anneal  temperature.  The  contacts  were 
annealed  for  30  s  in  a  N2  ambient.  The  non-linear  current-voltage  response  of  an  un- 
annealed  ohmic  contact  is  shown  in  the  inset. 

Fig.  2.  Contact  resistance  and  specific  contact  resistivity  of  Ti  (15  nm)/Al  (60  nm)/Mo 
(X)  /Au  (50  nm)  ohmic  contacts  on  n-GaN  annealed  for  30  s,  as  a  function  of  the  anneal 
temperature.  The  thickness  (X)  of  Mo  was  varied  from  25  nm  to  50  nm.  The  filled 
symbols  represent  the  contact  resistance  and  the  clear  symbols  represent  the  specific 
contact  resistivity. 

Fig.  3.  Long-term  thermal  treatment  characteristics  of  Ti/Al/Mo/Au  ohmic  contacts  on  n- 
GaN  using  contact  resistance  as  a  measure  of  the  ohmic  performance  of  the  contacts. 

Fig.  4.  Auger  electron  spectroscopy  (AES)  depth  profile  of  the  un-annealed  Ti/Al/Mo/Au 
ohmic  contact  on  n-GaN. 

Fig.  5.  AES  depth  profile  of  Ti/Al/Mo/Au  ohmic  contact  on  n-GaN  annealed  at  850  °C 
for  30  s.  The  annealed  contacts  exhibit  a  linear  I-V  response. 

Fig.  6.  AES  depth  profile  of  Ti/Al/Mo/Au  ohmic  contact  on  n-GaN  annealed  at  850  °C 
for  30  s  and  then  thermally  treated  in  a  furnace  at  500  °C  for  10  h.  The  ohmic  contact 
exhibits  a  linear  I-V  response  after  long-term  thermal  treatment  at  500  °C  for  10  h. 
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Fig.  7.  AES  depth  profile  of  Ti/Al/Mo/Au  ohmic  contact  on  n-GaN  annealed  at  850  °C 
for  30  s  and  then  thermally  treated  in  a  furnace  at  850  °C  for  5  h.  The  performance  of  the 
ohmic  contact  degrades  significantly,  exhibiting  a  non-linear  I-V  response  after  long-term 
thermal  treatment  at  850  °C  for  5  h. 

Fig.  8.  Atomic  force  micrograph  of  the  un-annealed  Ti/Al/Mo/Au  ohmic  contacts  on  n- 
GaN,  The  RMS  value  for  surface  roughness  is  measured  to  be  3  nm. 

Fig.  9.  Atomic  force  micrograph  of  the  Ti/Al/Mo/Au  ohmic  contacts  on  n-GaN  annealed 
at  850  °C  for  30  s.  The  RMS  value  for  surface  roughness  is  measured  to  be  26  nm. 

Fig.  10.  Micrographs  of  the  Ti/Al/Mo/Au  ohmic  contacts  on  n-GaN.  (a)  un-annealed 
ohmic  contact  surface,  (b)  ohmic  contact  annealed  at  850  °C  for  30  s,  (c)  annealed 
contacts  thermally  aged  at  500  °C  for  10  h,  and  (d)  annealed  contacts  thermally  aged  at 
850  °C  for  5  h. 
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